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A bstract o f T h e s is .
The th e s is  can be d iv id ed  roughly in to  two p a rts .
The f i r s t  part d ea ls  w ith  the d es ig n , con stru ction  end 
operation  of the a c c e le r a to r , w h ils t  the second i s  devoted  
mainly to a th e o r e t ic a l study o f the process o f betatron  
in je c t io n .
The se c t io n  on design  i s  concerned w ith  problems 
a sso c ia ted  w ith  synchrotron magnets end a c r i t i c a l  survey  
of the Important design  c r ite r ia  and techniques i s  presented . 
The 30 MeV. magnet i s  g iven  as a p a r tic u la r  example and some 
o r ig in a l work on the a p p lica tio n  o f re la x a tio n  methods i s  
d escr ib ed . The ways in which power can be supplied  to  the  
magnet are considered end a lso  some experim ents on the use  
of an on-load tap changer. Experimental r e s u lt s  o f magnet 
e x c ita t io n  c n a r a c te r is t ic s  are compared w ith  ca lcu la ted  
values and a d e ta ile d  account i s  g iven  of m agnetic f i e l d  
measurements in vo lv in g  the use of new tech n iq u es.
In the operation o f the machine, o r ig in a l experim ents 
are described  and d iscu ssed  on the e f f e c t  o f varying a number 
o f operating param eters. An attempt i s  made to  determine 
the r e la t iv e  importance of these and compare the working 
e f f ic ie n c y  o f American betatrons w ith  the 30 MeV. synchrotron.
The th e o r e t ic a l study o f the in je c t io n  process  
can again be sub-d ivided  in to  two main p a rts . The f i r s t  i s  
an o r ig in a l in v e s t ig a t io n  o f the In fluence of charge and 
current images on the maximum th e o r e t ic a l c ir c u la t in g  current. 
In the second part an attempt i s  made to  develop a q u a n tita tiv e  
exp ression  fo r  Kerst S e lf -c o n tr a c tio n  and to  compare 
th e o r e t ic a l ca lcu la tio n s  w ith  experim ental r e s u lt s .  W hilst 
the comparison is  favourable and, fo r  the f i r s t  tim e, a 
number of observed phenomena can be explained by the use of 
the theory, the v a l id i t y  of Kerst S e lf-c o n tra c tio n  la  
q uestioned .
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INTRODUCTION.
The id e a  o f  c y c l i c  a c c e l e r a t o r s  f o r  a c c e l e r a t i n g  
e l e c t r o n s  to  h i g h  e n e r g i e s  i s  n o t  new, and as  l o n g  ago  as  1928  
Wideroe d e f i n e d  th e  n e c e s s a r y  f l u x  c o n d i t i o n s  f o r  t h e  a c c e l e r a ­
t i o n  and g u id i n g  o f  p a r t i c l e s  by a t im e v a r y i n g  m a g n e t i c  f i e l d .  
T h is  was q u i c k l y  f o l l o w e d  by th e  d e f i n i t i o n  by W alton  o f  t h e  
f o c u s s i n g  r e q u ir e m e n t s .  I t  was n o t ,  h o w e v e r ,  u n t i l  some e l e v e n  
y e a r s  l a t e r ,  in  1 9 4 0 ,  t h a t  K e rs t  r e p o r t e d  t h e  s u c c e s s f u l  
o p e r a t io n  o f  th e  f i r s t  b e t a t r o n  b u i l t  and d e s i g n e d  on t h e s e  
p r i n c i p l e s .  U n f o r t u n a t e l y ,  i r o n - c o r e d  b e t a t r o n s  s u f f e r  from  
the  in h e r e n t  d i s a d v a n t a g e  t h a t  a t  h i g h  e n e r g i e s  t h e y  become 
e x t r e m e ly  b u lk y  owing to  th e  l a r g e  amount o f  i r o n  r e q u i r e d  t o  
c a r r y  the  c e n t r a l  f l u x  w hich  l i n k s  th e  o r b i t .
The s y n c h r o t r o n ,  a s  p rop osed  i n d e p e n d e n t l y  by McMillan  
and V e k s l e r ,  in  1 9 4 5 ,  h e l p s  t o  overcome th e  l i m i t a t i o n .  The 
u n d e r l y i n g  p r i n c i p l e  o f  the s y n c h r o tr o n  i s  t h a t  th e  p a r t i c l e s  
are  g u id e d  by a m a g n e t ic  f i e l d ,  b u t  a c c e l e r a t e d  by an e l e c t r o ­
s t a t i c  f i e l d  s y n c h r o n iz e d  t o  th e  c i r c u l a r  m otion  o f  th e  
p a r t i c l e s .  S y n c h r o n iz a t i o n  o f  the  f i e l d  w i t h  low e n e r g y  
e l e c t r o n s  would be d i f f i c u l t  owing to  the  l a r g e  change o f  
v e l o c i t y  w i t h  e n e r g y  and a more c o n v e n i e n t  arrangem ent  i s  t o  
a c c e l e r a t e  th e  p a r t i c l e s  t o  ab out  3 MeV. by b e t a t r o n  a c t i o n  
and then  com plete  th e  a c c e l e r a t i o n  t o  th e  r e q u i r e d  e n e r g y  by  
sy n c h r o tr o n  a c t i o n .  At 3 MeV. e l e c t r o n s  have a l r e a d y  a v e l o c i t y  
o f  about  98^ t h a t  o f  l i g h t  and t h i s  e n a b l e s  a c o n s t a n t  f r e q u e n c y  
e l e c t r o s t a t i c  f i e l d  t o  be u s e d .  T h is  i s  p e r m i s s i b l e  s i n c e  the  
v e l o c i t y  o f  th e  p a r t i c l e s  cannot  i n c r e a s e  by more than  a
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f a r t h e r  2% and t h i s  on ly  produces a correspond ing  s h i f t  in  the  
o r b i t  r a d iu s .  The method was f i r s t  a p p l i e d  s u c c e s s f u l l y  by 
Goward and Barnes (1946) who m o d if ie d  a Kerst 2 . 3  MeV. b e ta tr o n  
to  operate  as an 8 MeV. sy n ch ro tro n .  Many e x c e l l e n t  papers have 
been produced on the g e n e r a l  theory  o f  b e ta tr o n s  and syn ch rotron s  
and no attempt i s  made in  t h i s  t h e s i s  t o  e i t h e r  r e c a p i t u l a t e  or 
c r i t i c a l l y  review the c o n ten ts  o f  such p u b l i c a t i o n s .
The 30 MeV. synchrotron  i n s t a l l e d  a t  the Royal Cancer  
H o sp ita l  i s  one o f  a few p roto typ e  a c c e l e r a t o r s  c o m p le te ly  
d e s ig n e d  and b u i l t  in  t h i s  country by the  Atomic Energy Research  
E stab l ish m en t  in  c o l l a b o r a t i o n  w i th  a number o f  i n d u s t r i a l  
o r g a n i s a t i o n s .  They were p r im a r i ly  in ten d ed  to  o b ta in  d e s ig n  
and o p era t in g  ex p er ien ce  on which to  base the  c o n s t r u c t i o n  o f  
h ig h er  energy machines and are in  t h i s  r e s p e c t ,  i f  no o t h e r ,  
exper im enta l  d e v i c e s .  I t  may t h e r e f o r e  seem, a t  f i r s t  s i g h t ,  
th a t  the Royal Cancer H o s p i ta l  Synchrotron i s  somewhat 
incongruous in  i t s  p re s e n t  su rroun d ings .
In the f i e l d  o f  r a d io th e r a p y ,  however, one o f  the  
major problems has always been t h a t  o f  d e l i v e r i n g  as much energy  
as p o s s i b l e  to  the tumour and as l i t t l e  as p o s s i b l e  to  the 
h e a l t h y  surrounding t i s s u e .  Treatment o f  tumours a t  a depth  
below the sk in  su r fa c e  i s  o r d i n a r i l y  e x tr e m e ly  d i f f i c u l t  because  
o f  the r i s k  o f  damage t o  h e a l t h y  t i s s u e  between the s u r f a c e  and 
the tumour. In an attempt to  overcome t h i s  s e r i o u s  h an d icap ,  
the  trend has f o r  a lo n g  time been towards th e  u se  o f  h ig h e r  
and h igher  v o l t a g e s  in  a d d i t io n  to  which many e l a b o r a t e  c r o s s ­
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f i r e  and r o t a t i o n a l  t e c h n i q u e s  have been  d e v e l o p e d .  High e n e r g y  
r a d i a t i o n s  o f  the  order  o f  20 -  30 MeV. are  p a r t i c u l a r l y  
p r o m is in g  f o r  th e  trea tm en t  o f  su c h  deep  s e a t e d  tum ours ,  b e c a u s e  
o f  t h e i r  g r e a t  p e n e t r a t i n g  power,  and th e  p o s s i b i l i t y  f o r  t h e  
f i r s t  t ime o f  g r e a t e r  e n e r g y  a b s o r p t i o n  a t  a d e p th  than  a t  th e  
s u r f a c e .  T h is  i s  a consequence  o f  the l o n g  range o f  the  
s e c o n d a r y  p a r t i c l e s  w h ich  th e y  produce i n  t h e  t i s s u e  and w hich  
are  reg a rd ed  as  b e in g  r e s p o n s i b l e  f o r  th e  b i o l o g i c a l  a c t i o n .
At 30 MeV., f o r  exam ple ,  the  range i n  t i s s u e  i s  i n  th e  ord er  o f  
5 cm. and i t  i s  a t  t h i s  d ep th  be low  th e  s u r f a c e  t h a t  maximum 
i o n i z a t i o n  and h e n c e ,  l o s s  o f  e n e r g y ,  t a k e s  p l a c e .  For t h i s  
r e a s o n ,  in  s p i t e  o f  th e  e x p e r im e n ta l  n a tu r e  o f  t h e  a c c e l e r a t o r  
i t s e l f ,  the  M edica l  R ese a rc h  C o u n c i l  c o n s i d e r e d  i t  d e s i r a b l e  t o  
i n v e s t i g a t e  the  p o t e n t i a l i t i e s  o f  the  s y n c h r o t r o n  f o r  t h e r a p e u t i c  
t r e a t m e n t .  S in c e  the  i n s t a l l a t i o n  o f  the s y n c h r o t r o n ,  a g r e a t  
many p h y s i c a l  and b i o l o g i c a l  e x p e r im e n ts  have been c a r r i e d  out  
in  p r e p a r a t io n  f o r  c l i n i c a l  t r e a t m e n t .  The e x p e r i m e n t s ,  w h ich  
have in c lu d e d  measurements in  s t r a y  r a d i a t i o n ,  e l e c t r o n s  and 
n e u t r o n s ,  have shown t h a t  i t  i s  p o s s i b l e  t o  a p p ly ,  w i t h  s a f e t y ,  
su ch  h i g h  e n e r g y  r a d i a t i o n s  c l i n i c a l l y  and a s  a r e s u l t  o f  t h i s  
work, s e l e c t e d  p a t i e n t s  a re  now b e in g  t r e a t e d  i n  the  H o s p i t a l .
î/îuch o f  the a u t h o r ' s  work has' been  con cern ed  w i t h  th e  
d e s i g n ,  developm ent  and o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  the  
machine and l a t t e r l y ,  a s tu d y  o f  the  e l e c t r o n  i n j e c t i o n  p r o c e s s  
w hich  i t  was hoped may l e a d  e v e n t u a l l y  t o  i n c r e a s e d  o u t p u t .
The t h e s i s ,  w h ich  c o n t a i n s  a r e p o r t  o f  t h i s  work, can be r o u g h ly
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d i v i d e d  i n t o  two p a r t s ,  the  f i r s t  d e a l i n g  w i t h  th e  d e s i g n  and 
o p e r a t io n  o f  the s y n c h r o tr o n  and the  se co n d  w i t h  th e  e x te n d e d  
i n v e s t i g a t i o n  i n t o  i n j e c t i o n .
The d e s i g n  o f  a com plete  s y n c h r o t r o n  i s  b e s t  
a c c o m p l is h e d  by a team o f  s p e c i a l i s t  workers  b e c a u s e  o f  th e  
knowledge o f  w i d e l y  d i f f e r i n g  s u b j e c t s  r e q u i r e d .  The w r i t e r ,  
f o r  h i s  p a r t ,  was m a in ly  concerned  w i t h  the  problem s o f  d e s i g n  
and o p e r a t i o n  o f  the  magnet and i t s  power s u p p l i e s .  The o p en in g  
ch a p te r s  o f  th e  t h e s i s  c o n t a i n  a c r i t i c a l  s u r v e y  o f  d e s i g n  
c r i t e r i a  w i t h  s p e c i a l  a p p l i c a t i o n  t o  t h e  30 MeV. s y n c h r o t r o n  
i n c l u d i n g  some o r i g i n a l  work on the u s e  o f  r e l a x a t i o n  m ethod s .  
E xp er im en ta l  e x c i t a t i o n  c h a r a c t e r i s t i c s  are  compared w i t h  th e  
d e s ig n  d a t a .  The problem o f  s u p p l y i n g  power to  th e  magnet i s  
a l s o  c o n s id e r e d  and i s  i n t e r e s t i n g  b eca u se  o f  the e f f e c t  o f  
b e t a t r o n  core  s a t u r a t i o n  on the  magnet i n d u c t a n c e .  Some 
o r i g i n a l  e x p e r im e n ts  on the u s e  o f  tapped  tu r n s  on th e  magnet  
w in d in g s  and o n - lo a d  ta p  changer are  d e s c r i b e d  from w h ic h  i t  i s  
shown t h a t  i t  i s  im p o s s i b l e  t o  c o n t r o l  e x c i t a t i o n  by means o f  
th e  a p p l i e d  mains v o l t a g e .  Any b e t a t r o n  magnet h a s  to  s a t i s f y  
a number o f  s t r i n g e n t  c o n d i t i o n s  and i t  i s  a lw ays  n e c e s s a r y ,  
a f t e r  c o n s t r u c t i o n ,  t o  a d j u s t  the magnet u n t i l  t h e s e  c o n d i t i o n s  
are  f u l f i l l e d .  T h is  r e q u i r e s  th e  u se  o f  s p e c i a l  t e c h n i q u e s  and 
a p p a r a tu s  and on w hich  the  a u th o r  s p e n t  some c o n s i d e r a b l e  t i m e .  
The methods adopted  and the e x p e r im e n ta l  r e s u l t s  o b t a i n e d  a re  
f u l l y  d i s c u s s e d .
The s u c c e s s  o f  th e  d e s i g n ,  measurements  and a d j u s t ­
ments n o t  o n ly  o f  the m agnet,  b u t  o f  t h e  e q u a l l y  im p o r ta n t
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e l e c t r o n i c s  and vacuum s y s t e m ,  may be judged by the  f a c t  t h a t  
the machine gave X -r a y  o u tp u t  w i t h i n  a few hours  o f  the  completion 
o f  a sse m b ly  and s w i t c h i n g  on o f  th e  d i f f u s i o n  pumps. The o u tp u t  
was a t  f i r s t ,  as  m ight  be e x p e c t e d ,  v e r y  lo w ,  and i t  was d u r in g  
su b seq u en t  endeavours  to  i n c r e a s e  the  X -r a y  y i e l d  t h a t  
o p p o r tu n i ty  was a f f o r d e d  to  conduct  a com prehens ive  s e r i e s  o f  
ex p er im en ts  on t h e  e f f e c t  o f  v a r y in g  a number o f  o p e r a t i n g  ,
p a r a m e te r s ,  ex p er im en ts  w h ic h ,  in  v iew  o f  the v e r y  s c a n t y  
in fo r m a t io n  a v a i l a b l e ,  were r a t h e r  im p o r ta n t .  Not o n ly  have  
th e s e  ex p er im en ts  en a b led  the  r e l a t i v e  im portance  o f  each  
parameter to  be a s s e s s e d ,  but  t h e y  have a l s o  e n a b le d  com parison  
to  be made between the o p e r a t in g  e f f i c i e n c y  o f  th e  K ers t  ty p e  
22 MeV. b e t a t r o n  and th e  30 MeV. s y n c h r o t r o n .
The ou tp u t  o f  the  s y n c h r o tr o n  has a lw ays  been  r a t h e r  
lo w ,  n ev e r  more than 8 r o n tg e n s  per  m inute  as  1 Metre from th e  
t a r g e t  a t  21 MeV. T h is  i s  s c a r c e l y  s u f f i c i e n t  f o r  t h e r a p e u t i c  
purposes  and th e  p r e v io u s  ex p e r im e n ts  s u g g e s t e d  t n a t  l a r g e  
i n c r e a s e s  in  o u tp u t  cannot p o s s i b l y  be e x p e c te d  w i t h o u t  
m o d i f i c a t i o n s  i n v o l v i n g  c o n s i d e r a b l e  t im e  and ex p en se  and even  
t h e n ,  w i t h  no gu a ra n tee  o f  s u c c e s s .  T h is  s t i m u l a t e d  an 
i n v e s t i g a t i o n  i n t o  the p r o c e s s  o f  e l e c t r o n  i n j e c t i o n ,  a p r o c e s s  
th a t  has a lw ays  been  re g a rd ed  as  i n e f f i c i e n t ,  but  about  w h ich  
c o m p a r a t iv e ly  l i t t l e  i s  known. In d e e d ,  a s  y e t ,  no q u a n t i t a t i v e  
e x p l a n a t i o n  has  e v e r  been g i v e n  o f  how i n j e c t e d  p a r t i c l e s  a v o id  
s t r i k i n g  the  i n j e c t o r  on s u b s e q u e n t  r e v o l u t i o n s .  N e v e r t h e l e s s ,
th e r e  was a hope t h a t  th e r e  e x i s t e d ,  a t  l e a s t  in  t h e o r y ,  
the  p o s s i b i l i t y  o f  i n c r e a s i n g  th e  o u tp u t  perhaps f i f t y
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to  a h u n d r ed fo ld  by a p rop er  u n d e r s t a n d in g  o f  i n j e c t i o n .  The 
i n v e s t i g a t i o n ,  w hich  i s  o r i g i n a l ,  i s  l a r g e l y  t h e o r e t i c a l ,  but  
e x p e r im e n ta l  b a ck in g  i s  g iv e n  w herever  p o s s i b l e .  I t  i s  b a sed  
p r i m a r i l y  on a s e m i - q u a n t i t a t i v e  t h e o r y  o f  K erst  a c c o r d in g  t o  
w hich  s e l f - c o n t r a c t i o n  o f  t h e  beam o c c u r s  d u r in g  c i r c u l a t i n g  
charge b u i l d - u p  and e n a b le s  th e  charge t o  a v o i d  s t r i k i n g  t h e  
i n j e c t o r .  The i n v e s t i g a t i o n ,  w h i l s t  s t i l l  v e r y  i n c o m p l e t e ,  
shows t h a t  i t  may be p o s s i b l e  t o  a c c o u n t  f o r  a number o f  
o b s e r v e d  phenomena on the b a s i s  o f  s e l f - c o n t r a c t i o n ,  but  t h a t  th e  
t h e o r y  i t s e l f  may be i n v a l i d .  There i s  a l s o  th e  i n d i c a t i o n  t h a t  
i f  th e  th e o r y  i s  c o r r e c t ,  the  t h e o r e t i c a l  charge l i m i t  may be  
c o n s i d e r a b l y  l e s s  than a t  p r e s e n t  g e n e r a l l y  th o u g h t  and 
c o n s e q u e n t l y ,  th e  p o s s i b i l i t y  o f  l a r g e  i n c r e a s e s  i n  o u tp u t  
w it h  p r e s e n t  i n j e c t i o n  t e c h n i q u e s  somewhat rem o te .
W ith a s u b j e c t  t h a t  i s  r e l a t i v e l y  so  new, and where  
any e x p e r im e n ta l  or t h e o r e t i c a l  work m ight  be r e g a r d e d  as  a 
c o n t r i b u t i o n  t o  th e  knowledge o f  the  s u b j e c t ,  i t  i s  d i f f i c u l t  
t o  e s t i m a t e  w h ere ,  i f  any, r e a l  advances  have b een  made. In t h i s  
r e s p e c t ,  the  a u th o r  c o n s id e r s  th a t  p r o b a b ly  h i s  major  
c o n t r i b u t i o n  i s  c o n ta in e d  i n  the  t h e o r e t i c a l  s e c t i o n  w h ic h ,  
a l t h o u g h  i t  may w e l l  soon  prove  to  be u n foun d ed ,  a t  l e a s t  
p r o v id e s  new ground f o r  c o n s i d e r a t i o n  and d e b a t e .
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CHAPTER I .
SYNCHROTRON MAGNET DESIGN AND CONSTRUCTION 
SUMMARY.
In t h i s  ch a p te r  the  im portan t  c r i t e r i a  on w h ich  any  
d e s i g n  sh o u ld  be b ased  are  d i s c u s s e d ,  and t h i s  i s  f o l l o w e d  by  
a c r i t i c a l  s u r v e y  o f  d e s i g n  t e c h n i q u e s .  The d e s i g n  and 
c o n s t r u c t i o n  o f  the  30 MeV. s y n c h r o tr o n  m agnet ,  i n  w h ich  t h e  
au th or  took  p a r t ,  i s  p r e s e n t e d  as  a p a r t i c u l a r  exam p le .  A 
d e s c r i p t i o n  o f  th e  a p p l i c a t i o n  o f  r e l a x a t i o n  methods t o  p o l e  
d e s ig n  i s  g i v e n  and a l s o  some comments on th e  u se  o f  
e l e c t r o l y t i c  t a n k s .
1 .  GENERAL DESIGN CONSIDERATIONS.
Two o f  th e  p r i n c i p a l  f a c t o r s  c o n t r o l l i n g  the  s i z e  
and c o s t  o f  any s y n c h ro tro n  are
i .  The peak e n er g y ,
i i .  The r a d i a l  and a x i a l  d im e n s io n s  over  w hich  i t
i s  r e q u ir e d  t o  produce s t a b i l i z i n g  f o r c e s .
The peak e n er g y  g o v ern s  the g u i d i n g  p o l e  d ia m e te r  s i n c e
 (1)
where = peak e n e r g y  in  e l e c t r o n  v o l t s ,  = peak
m a g n e t ic  f i e l d ,  g a u ss  and i s  the o r b i t  r a d iu s  i n  cm. 
G e n e r a l l y  i t  i s  d e s i r a b l e  t o  o p e r a te  a t  a s  h i g h  an 1^^^ a s  
c o n v e n ie n t  and t h i s  depends on th e  c h a r a c t e r i s t i c s  o f  t h e
m a g n e t ic  m a t e r i a l .  Having chosen  i s  a t  once
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f i x e d  a c c o r d in g  to  e q u a t io n  ( 1 ) .
The c h o ic e  o f  r a d ia l" a n d  a x i a l  d im e n s io n s  o f  th e
r e g io n  to  produce s t a b i l i z i n g  f o r c e s  i s  n o t  e a s y  and u n t i l
r e c e n t l y ,  was somewhat a r b i t r a r y ,  b e c a u s e  t h e r e  was no g u id e
as t o  what e f f e c t  t h e s e  had upon X -r a y  o u t p u t .  Lawson^, E l d e r  
2 . ■ 3
e t  a l  and McMillan have perform ed e x p e r im e n ts  t o  v a r y  th e  
v e r t i c a l  a p e r tu r e  o f  machines r a n g in g  from 30 -  300 MeV. and 
a l l  r e p o r t  a c r i t i c a l  a p e r tu r e  o f  a p p r o x im a t e ly  1 cm. be low  
w hich  th e  ou tp ut  drops  to  z e r o .  E ld e r  a l s o  shows t h a t  f o r  th e  
70 MeV. s y n c h r o t r o n ,  the tube h e i g h t  o f  4 . 5  cm. and the  r a d i a l  
w id th  o f  6 cm. b o th  l i m i t  th e  o u tp ut  w i t h  p r e s e n t  i n j e c t i o n  
t e c h n i q u e s ,  and t h a t  r e d u c t i o n  o f  th e  a n n u la r  sp a ce  t o  1 1 cm, 
on e i t h e r  s i d e  o f  Rf, r e d u c e s  the ou tp ut  t o  5^ o f  i t s  maximum 
v a l u e .
Having f i x e d  th e  o r b i t  d i a m e t e r ,  th e  r a d i a l  w i d t h  
and a x i a l  h e i g h t ,  the  rem a in in g  problem i s  t o  produce a u s a b l e  
m a g n e t ic  f i e l d  o f  th e  r e q u ir e d  peak v a lu e  over  t h e  g i v e n
4
an n u la r  c r o s s - s e c t i o n .  I t  has  been  shown by K ers t  and B erb er  
t h a t ,  i n  order t o  produce the  n e c e s s a r y  a x i a l  and r a d i a l  
f o c u s s i n g  f o r c e s ,  the m a g n e t ic  f i e l d  must va ry  w i t h  r a d iu s
a c c o r d in g  t o  J   ( 2 )
When = f i e l d  s t r e n g t h  a t  any r a d iu s  R , H, i s  th e  f i e l d  
s t r e n g t h  a t  the o r b i t  r a d iu s  R* and where o I
There i s  l i t t l e  d i f f i c u l t y  i n  s a t i s f y i n g  t h i s  r a d i a l  v a r i a t i o n  
through out  th e  a x i a l  h e i g h t ,  b u t  i t  i s  n o t  so  e a s i l y  s a t i s f i e d  
r a d i a l l y ,  b eca u se  o f  the e f f e c t s  o f  f r i n g i n g .  E q u a t io n  ( 2 )
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i n d i c a t e s  t h a t  the  gap h e i g h t  imist i n c r e a s e  w i t h  r a d i u s ,  and,  
i g n o r in g  f r i n g i n g ,  the  h e i g h t  a t  any r a d iu s  as  a f u n c t i o n  o f  
t h a t  a t  Ho can be o b ta in e d  as  f o l l o w s .
Prom e q u a t io n  (2 )  where ùd  = A -
I f  i t  be a s su m e d  t h a t  a t  a n y  r a d i u s  i s  a p p r o x i m a t e l y  c< ^  
a t  t h a t  r a d i u s ,  w h er e  A- * ga p  h e i g h t
then X  ^  V  . . . . ( 3 )
I t  i s  ob v ious  t h a t ,  i n  the i n t e r e s t s  o f  economy, a s  g r e a t  a
f r a c t i o n  o f  th e  r a d i a l  w id th  as p o s s i b l e  sh o u ld  be made t o
s a t i s f y  e q u a t io n  ( 2 ) .  The f l u x  e f f i c i e n c y ,  as  d e f i n e d  by th e
r a t i o  o f  u s e f u l  f l u x  t o  t o t a l  f l u x ,  depends on gap h e i g h t
because  f r i n g i n g  i n c r e a s e s  r a p i d l y  w i t h  A . I t  i s  t h e r e f o r e
d e s i r a b l e  to  have th e  gap h e i g h t  r a t h e r  l e s s  than the w id th  and
t o  s t r e n g t h e n  the  f i e l d  near the edges  by s u i t a b l e  sh a p in g  o f
the p o le  f a c e s .  The r a t i o  o f  r a d i a l  t o  v e r t i c a l  o s c i l l a t i o n
4
am plitude as  d eterm ined  by K erst  and Berber
A
]I- 'TV I . . . . . . . . . . . . . . . . . . . ( 4 )
and hence f o r  a gap h e i g h t  l e s s  than gap w id t h ,  sh o u ld  be
>  0 . 5
The en ergy  e f f i c i e n c y  i s  c l o s e l y  co n n ec te d  w i t h  th e  
f l u x  e f f i c i e n c y .  I t  may be d e f i n e d  i n  the same way and i s  an 
ex tr e m e ly  im portant  q u a n t i t y .  The t o t a l  en erg y  o f  the  m a g n e t ic  
f i e l d  = I I I
■ U K
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and i t s  maximum v a lu e  i s  g iv e n   ^J J ^  • • . . . ( 5 )
The f i e l d  s t r e n g t h  in  the  u s e f u l  gap i s  v e r y  n e a r l y  u n i fo r m  
and c o n s e q u e n t ly  the maximum u s e f u l  e n e r g y
t . .  25  Ro
î f i
.  C . . S .  %  :   <6)
*
where R, and are  the r a d i a l  l i m i t s  o f  u s e f u l  
f i e l d ,  and S  = u s e f u l  an n u lar  c r o s s - s e c t i o n .
The r e a c t i v e  power r e q u ir e d  . . . . . . . . . . . . . ( 7 )
and the  power d i s s i p a t e d  =     (8 )
where Q -   en ergy  s t o r e d ---
en ergy  d i s s i p a t e d  per c y c l e .
The t o t a l  peak energy  Wr I s  g i v e n  by e i t h e r  or
where L  i s  the magnet se  I f - i n d u c t a n c e  and d
the c a p a c i t y  o f  the condensers  w hich  t o g e t h e r  w i t h  the magnet
u s u a l l y  form a s e r i e s  r e s o n a t i n g  c i r c u i t .
The v a lu e s  o f  and A - c o n t r o l  th e  peak
e x c i t a t i o n  ampere tu r n s  r e q u ir e d  b ecau se
A  =  ( 9 )
( I f
where T  i s  the t o t a l  number o f  tu rn s  on the e x c i t i n g  c o i l s .
The a l lo w a b le  current  d e n s i t y  in  the c o i l  w in d in g s  then  g i v e s
the copper c r o s s - s e c t i o n  from which  f o l l o w s  the n e c e s s a r y  
l e n g t h  o f  ir o n  r e tu r n  paths  and g u id in g  p o l e s  and hence the
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t o t a l  magnet s i z e  and w e ig h t .
The r a t i o  o f   ^ f o r  w h ich  the  maximum v a lu e
shou ld  a lways be aimed, depends v e r y  l a r g e l y  on th e  c a r e f u l  
d e s ig n  o f  the  p o le  f a c e s  w hich  f o r  la r g e  machines becomes  
v e r y  important  because  the l e a k a g e  f l u x  assumes v er y  g r e a t  
p r o p o r t i o n s .  Often t h e r e  are s e v e r a l  magnet d e s i g n s  w hich  
w i l l  produce the same u s e f u l  f i e l d  and in  ch o o s in g  any  
p a r t i c u l a r  one the b a s i s  o f  comparison sh ou ld  be th e  amount o f  
i r o n ,  copper and c a p a c i t y  r e q u ir e d .
I t  may not  be out o f  p la c e  t o  m ention  th e  im portance  
o f  the e l e c t r o n  i n j e c t i o n  e f f i c i e n c y .  From e q u a t io n s  ( 1 ) ,
( 5 ) ,  (b)  and ( 7 ) ,  assuming t o  be r o u g h ly  c o n s t a n t ,  we
s e e  t h a t  S and W - ^  • %S and ^
a f f e c t  the  machine s i z e  and a l s o  i t s  ou tput  i n t e n s i t y .  The 
output i n t e n s i t i e s  o f  most machines appear t o  be about 1 - 2 %  
o f  the maximum t h e o r e t i c a l  v a lu e  and t h i s  has been  shown t o  be 
due t o  poor i n j e c t i o n  e f f i c i e n c y .  Hence any i n c r e a s e  i n  
i n j e c t i o n  e f f i c i e n c y  w i l l  mean e i t h e r  h ig h e r  o u t p u t s ,  or a 
r e d u c t io n  i n  magnet s i z e .
E l e c t r o n  sy n ch ro tro n s  are n o r m a l ly  b e t a t r o n  s t a r t e d  
and, d u r in g  t h i s  p e r i o d ,  a d d i t i o n a l  f l u x  i s  r e q u ir e d  t o  l i n k  
the e l e c t r o n  o r b i t  in  order t o  s a t i s f y  the c o n d i t i o n  as  
d e f in e d  by Wideroe^
§   (1 0 )
where $  i s  the t o t a l  r i u x  c o n ta in e d  i n s i d e  th e  o r b i t .  The 
e x tr a  f l u x  i s  s u p p l i e d  by s a t u r a b l e  b e t a t r o n  c o r e s ,  w hich
—1 2 —
must be d e s ig n e d  so  t h a t  ( i )  the  b e t a t r o n  e q u i l i b r i u m  o r b i t
i s  in  th e  c e n tr e  o f  the donut a t  i n j e c t i o n  and ( i i )  s h a l l  n o t
have c o n t r a c t e d  s i g n i f i c a n t l y  a t  s y n ch r o tr o n  t r a n s i t i o n #
0
W ilk in s  has  c o n s id e r e d  t h i s  problem i n  d e t a i l  and shows t h a t  
f o r  c o n d i t i o n  ( i )  t o  be f u l f i l l e d ,  the  f o l l o w i n g  e q u a l i t y  
must be s a t i s f i e d
I   a i )
where = gap i n  s e r i e s  v / i th  b e t a t r o n  bars
= a rea  o f  gap i n  s e r i e s  w i t h  b e t a t r o n  bars  
L  = l e n g t h  o f  b e t a t r o n  bars  
Ajj = t o t a l  area  o f  bars
JLl^  = d i f f e r e n t i a l  p e r m e a b i l i t y  o f  th e  bars
A  = s e p a r a t i o n  between main p o l e s  
Kg m easures  i n t e r n a l  l e a k a g e  f l u x  o f  magnet p lu s  
the f l u x  in  the  an nu lar  gap a t  a r a d iu s  l e s s  
than .
The term i n v o l v e s  the  b e t a t r o n  bar r e l u c t a n c e  and
. •
causes  o r b i t  c o n t r a c t io n #  This  problem i s  n o t  s e r i o u s  in  
sm all  machines b ecau se  the am plitude  o f  o s c i l l a t i o n s  induced  
a t  t r a n s i t i o n  i s  s m a l l .
W ilk in s  a l s o  shows t h a t  the  changes i n  b e t a t r o n  
e q u i l i b r i u m  o r b i t  Ro due to  changes i n  b e t a t r o n  core  gap ,
are r e l a t e d  by
^ #  . . . . . . . . # # # . # ( 1 2 )
Po Q- y\) A
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Experim ents  on b o th  the  A.E#R#E.  and R#C. H. 30 MeV. 
sy n ch r o tro n s  s u g g e s t  t h a t  f o r  s a t i s f a c t o r y  o p e r a t i o n  
9 ^ I’o*/—o-is o f  the  a v a i l a b l e  donut annu lar  s p a c e .
The rem ain in g  c o n d i t i o n  w hich  any p r a c t i c a l  magnet  
must s a t i s f y  i s  t h a t ,  a z i m u t h a l l y ,  th e  g u i d i n g  f i e l d  s h o u ld  be 
uniform  in  b o th  magnitude and p h a se .  Any n o n - u n i f o r m i t i e s  
p r e s e n t  are p a r t i c u l a r l y  im portant  a t  i n j e c t i o n  time when 
t h e i r  magnitude may form a c o n s id e r a b l e  f r a c t i o n  o f  th e  t o t a l  
g u id in g  f i e l d  s t r e n g t h .
The e f f e c t  o f  n o n - u n i f o r m i t i e s  has been  c l o s e l y  
7s t u d i e d  by Goward , who e x p r e s s e s  th e  d i s t u r b i n g  f i e l d  a s  a 
F o u r ie r  s e r i e s ,  and shows t h a t  the  n e t  e f f e c t  i s  t o  produce  
a f o r c e d  o s c i l l a t i o n  th e  am p li tu d e  o f  w hich  i s  l a r g e l y  
governed  by th e  magnitude o f  the fundam ental  component o f  th e  
F o u r ie r  s e r i e s .  I n h o m o g e n e i t ie s  in  the  magnet f i e l d ,  and due 
to  th e  magnet i t s e l f ,  can be produced by eddy c u r r e n ts  i n  th e  
l a m in a t io n s  due t o  poor i n t e r - l a m i n a t i o n  r e s i s t a n c e  or c r o s s ­
f l u x ,  non-un iform  p r o p e r t i e s  o f  the m a g n e t ic  m a t e r i a l ,  or by  
m echan ica l  asymmetry in  magnet c o n s t r u c t i o n .
I t  may be a p p r e c i a t e d  from the f o r e g o i n g  d i s c u s s i o n  
th a t  w i t h  a l l  the  many v a r i a b l e s  t o  c o n s i d e r ,  the  d e s i g n  o f  a 
magnet,  though p r e s e n t i n g  no fundam ental  d i f f i c u l t i e s ,  i s  not  
an e a s y  m a tter  and t h a t  i t s  c o n s t r u c t i o n  r e q u i r e s  v e r y  c a r e f u l  
s u p e r v i s i o n  and o f t e n  th e  deve lopm ent  o f  new t e c h n iq u e s  b o th  
f o r  b u i l d i n g  and t e s t i n g .
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2 .  METHODS OF DESIGN,
The fundamental  problem i s  one o f  p ro d u c in g  a g i v e n  
m a g n e t ic  f i e l d  in  a g iv e n  volume v«ith a s  sm a l l  a l e a k a g e  
o u t s i d e  as  p o s s i b l e .  Hence c a r e f u l  d e s i g n  o f  the  p o le  p r o f i l e
4
i s  o f  g r e a t  im portan ce .  As d e f i n e d  by K erst  and Berber th e  
f i e l d  i s  r e q u ir e d  t o  vary  r a d i a l l y  su ch  t h a t  ^  ^
where k  and are c o n s t a n t s  and th e  a x i a l  component o f  the  
f i e l d  a t  any r a d iu s  ^  « Robinson has  p o i n t e d  out t h a t  th e  
co r re sp o n d in g  p o t e n t i a l  d i s t r i b u t i o n  d oes  n o t  s a t i s f y  L a p l a c e ’ s 
e q u a t io n  ( i . e .  ^  o  ) and hence i t  i s  im p o s s i b l e  t o  have a
c o n s ta n t  "r\!*. The problem i s  t h e r e f o r e  t h a t  o f  making as  
n e a r l y  co n s ta n t  as  p o s s i b l e .  I t  sh o u ld  n o t  be f o r g o t t e n  t h a t  a 
low le a k a g e  f l u x  can o n ly  be o b ta in e d  by c u t t i n g  away t h e  
e x t r e m i t i e s  o f  th e  p o l e s  or by s a t u r a b l e  t i p s .  A c o n s t a n t  v a lu e  
o f  ”n!' a l s o  r e q u ir e s  p o le  t i p s  a t  the  e x t r e m i t i e s  t o  red u ce  
f r i n g i n g  e f f e c t s ,  and o n ly  by making t h e s e  s a t u r a b l e  i s  i t  
p o s s i b l e  t o  r e c o n c i l e  c o n s ta n t  w i t h  low l e a k a g e .
The p o l e s  have c y l i n d r i c a l  symmetry and any e x a c t  
method o f  d e s ig n  sh o u ld  ta k e  acco u n t  o f  t h i s .  But by r e g a r d in g  
th e  problem as a tw o -d im e n s io n a l  on e ,  the  work i n v o l v e d  can
9
o f t e n  be reduced and s i m p l i f i e d  and Goward and W i lk in s  have  
shown t h a t  even f o r  an o r b i t  ra d iu s  o f  o n ly  10 cm s . ,  the  
e r r o r  in v o lv e d  i s  n o t  marked. D e s ig n  procedure  can e i t h e r  be 
m ath em atica l  or e x p e r im e n t a l ,  a n a l y t i c a l  or e m p i r i c a l .  
B a r t l e t t ^ ^ ,  C o g g e s h a l l  and Muskat^^, have d e s i g n e d  p r o f i l e s  
w i t h  c y l i n d r i c a l  symmetry w i t h  p o t e n t i a l  d i s t r i b u t i o n s  w hich  
do s a t i s f y  L a p l a c e ’ s e q u a t i o n ,  but the v a lu e  o f  i s
- 1 5 -
c o n s ta n t  o n ly  on th e  median p l a n e ,  and i s  d i f f i c u l t  t o  d e term in e
e l s e w h e r e .  A much improved a n a l y t i c a l  s o l u t i o n  i s  prop osed
by R obinson ,  who d e f i n e s  a m a g n e t ic  p o t e n t i a l  d i s t r i b u t i o n
w hich  b o th  s a t i s f i e s  L a p l a c e ’ s e q u a t io n  and g i v e s  an a lm o s t
c o n s ta n t  over  an a r e a .  But even t h i s  r e q u i r e s  some o th e r
method t o  d e s ig n  the p o le  t i p s .  E x p e r i m e n t a l l y ,  e m p i r i c a l
d e s ig n s  may be i n v e s t i g a t e d  by means e i t h e r  o f  t h e  wedge or
12f l a t  e l e c t r o l y t i c  tank  , or by the  u se  o f  D. C.  or  A. C.  magnet
m o d e l s . T h e  tank  i s  p a r t i c u l a r l y  u s e f u l ,  a s  p o i n t e d
16out by Goward e t  a l  for  making wide i n i t i a l  s u r v e y s ,  and
forms a good s t a r t i n g  p o i n t  f o r  magnet models or f i e l d  s t r e n g t h
17c a l c u l a t i o n s  by r e l a x a t i o n  m ethods.  In none o f  t h e s e  d e s i g n  
methods can v a r i a t i o n  in  m a g n e t ic  p e r m e a b i l i t y  o f  the  
l a m in a t io n s  be r e a d i l y  taken i n t o  a c c o u n t ,  and t h i s  i s  p r o b a b ly  
one d i r e c t i o n  in  w hich  d e s i g n  t e c h n iq u e  needs improvement.
3 .  30 MEV. SYNCHROTRON IVIAGNET.
(a )  B a s i c  d e s i g n .
General d e s c r i p t i o n s  o f  the  d e s i g n  and c o n s t r u c t i o n  
o f  30 MeV. magnets s i m i l a r  t o  th e  one i n s t a l l e d  a t  t h e  R. C. H.  
have a l r e a d y  appeared in  th e  p r e s s . A  good d e a l  
of  the b a s i c  d e s i g n ,  p a r t i c u l a r l y  on a r e c t a n g u l a r  ty p e  o f  
magnet had a lr e a d y  been a cco m p lish ed  by Fry and h i s  c o l l e a g u e s  
a t  A. E. R. E.  b e fo r e  the au th or  became i n t e r e s t e d  i n  t h i s  work.  
The a u th o r ,  however,  took  p a r t  in  the  developm ent  o f  
subsequent  models and i t  i s  hoped t h a t  what f o l l o w s  c o n t a in s
F ig u r e  1
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u s e f u l  in fo r m a t io n  t h a t  has  n o t  a l r e a d y  been p u b l i s h e d .
19 IIAs r e p o r te d  by Fry , th e  v a lu e  o f  was chosen
t o  be lo"  ^ g a u ss  g i v i n g  a v a lu e  f o r  do o f  10 cms. The p o l e  gap  
r a d i a l  and a x i a l  d im e n s io n s  o f  6 . 5  cms. x  5 . 0  cms. were chosen  
a r b i t r a r i l y  from p u b l i s h e d  d a ta  on e x i s t i n g  b e t a t r o n s .  T h is  
c r o s s - s e c t i o n  was c o n s i d e r e d  s u f f i c i e n t  to  y i e l d  a t  l e a s t  10 
r o n tg e n s  per  m inute  a t  1 M etre ,  w i t h  a s u p p ly  f r e q u e n c y  o f  
50 c y c l e s .  In  d e s i g n i n g  th e  p o le  f a c e ,  th e  aim was t o  produce  
a v a lu e  f o r  o f  0 . 7  f o r  a d i s t a n c e  o f  ±  1 . 5  cms. ea c h  s i d e
o f  do • The p o le  p r o f i l e  was d e s i g n e d  by the  e l e c t r o l y t i c  
tank  method and i s  shown in  f i g u r e  1 ,  t o g e t h e r  w i t h  e l e c t r o ­
l y t i c  tank  p l o t s  o f  “ni*.
This  p r o f i l e  was l a t e r  m o d i f i e d  by th e  a u th o r  t o  
overcome th e  e f f e c t s  o f  s a t u r a t i o n ,  and t h i s  work w i l l  be 
d e s c r ib e d  l a t e r  i n  t h i s  c h a p t e r .  F i r s t l y ,  h o w ev er ,  the  
g e n e r a l  d e s i g n  o f  the sy m m etr ica l  C type  magnet w i l l  be 
c o n s i d e r e d ,  a s c h e m a t ic  diagram o f  w h ich  i s  shown in  f i g u r e  2 .  
The magnet c o n s i s t s  o f  two c y l i n d r i c a l  g u i d i n g  p o l e s  i n s e r t e d  
i n t o  the  c e n t r a l  bore o f  w hich  a r e  two s a t u r a b l e  b e t a t r o n  
c o r e s .  The m a g n e t ic  c i r c u i t  i s  co m p le ted  by e i g h t  s y m m e tr ic a l  
r e tu r n  p a th s  and th e  magnet e x c i t e d  by two c o i l s  i n  s e r i e s .
For th e  sake o f  b r e v i t y ,  the  d e s i g n  w i l l  be g i v e n  in  p a r t i a l  
n o te  form.
T o t a l  f l u x  c a r r i e d  by the m a g n e t ic  c i r c u i t .
The main p o l e  l a m i n a t i o n s  are  5“ w id e .  Assume th e  
f l u x  d e n s i t y  i s  u n ifo rm  th r o u g h o u t  t h i s  w id th  and t o  have
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4a maximum v a lu e  = 1 0  gau ss  in  main a i r  gap .  Then the  
t o t a l  f l u x  in  th e  a i r  gap n e g l e c t i n g  f r i n g i n g
2 :. 10*^ . âîT fo. S . l i n e s
-  < lo^ l i n e s .
The t o t a l  b e t a t r o n  f l u x  ( s e e  l a t e r  c a l c u l a t i o n )  p lu s  an 
a l lov /ance  f o r  i n t e r n a l  l e a k a g e  has  an ap prox im ate  m agnitude  
o f  I- o  /o*® l i n e s .
There i s  some e x t e r n a l  l e a k a g e  a lo n g  th e  l e n g t h  o f  t h e  g u i d i n g  
p o l e s ,  f u l l  c o n s i d e r a t i o n  to  w h ich  i s  g i v e n  i n  C hapter  I I I ,  
and from w hich  i t  ap pears  t h e r e  i s  a t o t a l  l e a k a g e  o f  about
4 .  lo^ l i n e s .
The t o t a l  f l u x  a t  back o f  g u i d i n g  p o l e s  w h ich  i s  e q u a l  t o  th e  
sum o f  th e  f l u x  i n  th e  a i r  gap ,  the  b e t a t r o n  f l u x  and l e a k a g e ,  
i s  g i v e n  by ^  ihl ( 5 .  (O^ l i n e s ,  and i s  th e  t o t a l  f l u x  to  be 
c a r r i e d  by the  m a g n e t ic  c i r c u i t .
The U s e f u l  f l u x
The u s e f u l  f l u x  i n  th e  a n n u la r  w i d t h  o f  6 . 5  cm.
-  3 in  l o .  h - S  -  4 * 1 .  (o** l i n e s .
-The f l u x  e f f i c i e n c y .
The f l u x  e f f i c i e n c y  g i v e n  by th e  r a t i o  o f  u s e f u l
to  t o t a l  f l u x  = 4  / /  -  0 - 3 /
Peak v o l t s  per  tu rn  o f  th e  e x c i t i n g  c o i l s .
The v o l t s / t u r n  = d i $ /  . to '^  v o l t s ,  and i f  the
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f l u x  waveform i s  s i n u s o i d a l ,  the peak v o l t s   ^ ^  ^
40 v o l t s .
Peak am p -tu rn s .
The peak amp-turns from e q u a t io n  (9 )
% . (o^. (o%S <2* w i t h o u t  a l lo w a n ce  f o r  the
magnet r e l u c t a n c e .  Assume th e  peak v a lu e  o f  fj i n  the
ir o n  i s  a p p r o x im a te ly  20 o e r s t e d s .  The c i r c u i t  l e n g t h
i s  about 200 cms. ( s e e  l a t e r  c a l c u l a t i o n s ) .
#
. . M.M.P. in  ir o n  i s  about  10^ o f  t h a t  in  the gap a t  peak  
f i e l d  and the t o t a l  peak amp-turns fo
Copper c r o s s - s e c t i o n .
u
The R.M.S. amp-turns ch 4  %. to^
Assume an a l lo w a b le  cu rren t  d e n s i t y  o f  2500  a m p s / s q . i n . ,
then the  t o t a l  copper c r o s s - s e c t i o n  = 4 0  . lo^ ^  n^o s q . i n s
A5cro
C o i l  w i n d i n g s .
A s u i t a b l e  w in d in g  i s  280  turns  o f  3 7 / 0 . 0 4 6  w ir e  
g i v i n g  t o t a l  c r o s s - s e c t i o n  o f  1 7 .2  s q . i n .  The peak  cu r r e n t  
au 210 amps.
Owing to  the  h ig h  cu r r e n t  d e n s i t y  a f a i r l y  l a r g e  
space  f a c t o r  i s  r e q u ir e d  f o r  c o o l i n g .  A l lo w in g  a space  
f a c t o r  o f  0 . 3 ,  the t o t a l  c o i l  c r o s s - s e c t i o n  i s  about 60 
s q . i n s . ,  i . e .  30 s q . i n . / c o i l .  A c o n v e n ie n t  s i z e  i s  6“ x  6“ 
which g i v e s  10 l a y e r s  o f  con d uctor  a t  14 t u r n s / l a y e r  w i t h  
f i v e  a x i a l  c o o l i n g  d u c t s .  A l lo w in g  1 “ o v e r la p  a l l  round  
the  c o i l  f o r  the  fo rm er ,  the t o t a l  c r o s s - s e c t i o n  o f  each
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c o i l  becomes approxiirjate ly  8" x  8" . A c o o l i n g  d u c t  f o r  
f o r c e d  a i r  c o o l i n g  would add about 1" -  1&" t o  th e  d e p th .  
The peak v o l t a g e / t u r n  ez 40 v o l t s .  . . R.M.S.  
v o l t a g e / c o i l  = dtS.* i 
■ » 4 kV.
Hence i f  c o i l s  are  e n e r g i s e d  w i t h  c e n t r e  p o in t  
e a r t h e d ,  the  i n s u l a t i o n  r e q u ir e d  a l l o w i n g  a s m a l l  s a f e t y  
f a c t o r ,  i s  f o r  about ±  5 kV.
Return p a th  c r o s s - s e c t i o n .
The e i g h t  r e tu r n  p a th s  form a co n t in u o u s  b u t t  j o i n t  
round the  c ircu m fe ren ce  o f  the  g u i d i n g  p o l e s .
Hence,  as th e  g u i d i n g  p o l e s  have an e x t e r n a l  d ia m e te r  
o f  1 3 . 2 5 " ,  the w id th  o f  ea ch  r e tu r n  p a th  ^   ^ o
- ■' ■ ■* ~  O  I
?
Prom p r e v io u s  c a l c u l a t i o n s  the  t o t a l  f l u x  in  the  r e tu r n  
paths 2 % l i n e s .  Assuming a maximum f l u x  d e n s i t y
4
o f  2 X 10 g a u s s ,  a l th o u g h  a lo w er  v a lu e  may have
a d v a n ta g e s ,  th e  d ep th  o f  the  r e tu r n  p a t h s ,  a l l o w i n g  a
space f a c t o r  o f  0 . 8 ,  sh o u ld  n ot  be l e s s  than
là. (0*» i.t. a  5 i,- r  _ _ IK»A. 1 0 Off. air.b-fcas.Ca.Sv-y
For a maximum f l u x  d e n s i t y  o f  1 5 ,0 0 0  gau ss  th e  d e p th  n eed s  
to  be a  3 . 5  In .
D im ensions  o f  the m a g n e t ic  c i r c u i t .
1 .  The l e n g t h  o f  the main p o le  : -  T h is  cannot  be l e s s  than
the l e n g t h  o f  the  e x c i t i n g  c o l l  plus the  r e t u r n  p a th  d e p t h .
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i . e .  ^  *+• 3 i n .  = 12-J-). Some w orking  sp a ce  must be
l e f t  in  between  the e x c i t i n g  c o l l s ,  and i f  t h i s  i s  made 
about  6" in  a l l ,  then  the  l e n g t h  o f  the  main p o le  cannot  
be l e s s  than 13. '^*+•
X
In a d d i t i o n  t o  t h i s ,  th e  p o l e  must be m e c h a n i c a l l y  h e l d  
in  the  magnet frame and t h i s  w i l l  add an e x t r a  i n c h  or  
two.
i i .  The r a d i a l  w id th  o f  the r e t u r n  p a t h s : -  The minimum r a d i a l
w id th  o f  the r e t u r n  paths  cannot  be l e s s  than th e  w id t h
o f  the  e x c i t i n g  c o i l s ,  i . e .  ^  8 i n .  An e x t r a  i n c n  a t  
l e a s t  i s  r e q u ir e d  f o r  c l e a r a n c e .
i i i .  The v e r t i c a l  l e n g t h  o f  th e  r e tu r n  p a t h s : -  T h is  d im e n s io n  
i s  a p p r o x im a t e ly  tw ice  t h e  l e n g t h  o f  th e  g u i d i n g  p o l e s  
p lu s  the  l e n g t h  o f  the  main a i r  gap and has a m agnitude  
o f  about  31" .
i v .  The o v e r a l l  d i m e n s i o n s : -  E x c lu d in g  the  m e c h a n ic a l
framework, the f o r e g o i n g  c o n s i d e r a t i o n s  i n d i c a t e  the
magnet cannot  be l e s s  than 2*6" h ig h  and 3*3" i n  d ia m e t e r .
B e ta tr o n  core  c r o s s - s e c t i o n .
The p a r t i c l e s  need  t o  be a c c e l e r a t e d  up t o  3 MeV. 
w i t h  a c o r r e s p o n d in g  o r b i t  f l u x  d e n s i t y  o f  10^ g a u s s .  
Assume the  f l u x  d e n s i t y  t o  have t h i s  v a lu e  from th e  o r b i t  
r a d iu s  (10 cm s .)  t o  the in n e r  r a d i u s  (4 c m s . )  o f  th e  
g u i d i n g  p o l e ,  a c o n d i t i o n  r e q u i r i n g  the  maximum p o s s i b l e  
b e t a t r o n  core c r o s s - s e c t i o n .
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The t o t a l  f l u x  i n s i d e  the o r b i t  a t  3 MeV. ( n e g l e c t i n g  
in n e r  l e a k a g e )  = l i n e s
0'X(o . (0 ^ l i n e s  •
The average  f l u x  d e n s i t y  i n s i d e  th e  o r b i t  must be tw ic e  
t h a t  a t  th e  o r b i t ,
• • The t o t a l  r e q u ir e d  f l u x  = 5îT. (0^. lo^ ^ ù . 10^ l i n e s .  
The d e f i c i e n c y  to  be s u p p l i e d  by the b e t a t r o n  p o l e s  
n ^0‘b5 — 0-2/b) . l i n e s ,  = 0*^7 • #0  ^ l i n e s , sa y
0 .4  X 10^ l i n e s .
A
Assuming the  b e t a t r o n  cores  s a t u r a t e  a t  2 x  10 g a u s s ,
then the  a rea  r e q u ir e d  assum ing 0 . 8  space  f a c t o r
-  O' (q6 , 1 0 ^___________ s q . i n .
A . lo*'- . O ?  . fo -1+5
= t>*0 s q . i n .
Assuming the o u te r  d ia m e te r  o f  the co r es  t o  be 3 i  i n . ,
which  i s  the  d ia m e ter  o f  th e  c e n t r a l  bore i n  th e
g u id i n g  p o l e s ,  then  th e  in n e r  d ia m e te r
The p e r c e n ta g e  o f  the f l u x  i n s i d e  the o r b i t  c a r r i e d  by th e  
b e t a tr o n  co r es  d ur ing  the b e t a tr o n  p e r io d  ^  ^ ^
B e ta tro n  core g a p .
The minimum gap ,  i . e .  assum ing no l e a k a g e ,  i s  
o b ta in e d  as f o l l o w s
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The e x c i t i n g  amp-turns a t  b e t a t r o n  co re  gap s a t u r a t i o n
~  5 . 9  X 10*^
10
#
. . The b e t a t r o n  core gap
-  cr 0 . 1 5  i n .
10 X 2 X 10^ X 2 . 5 4
I ^ r a c t i c e ,  owing to  l e a k a g e ,  i t  i s  l i k e l y  to  be somewhat
l a r g e r  than t h i s .
Magnet in d u c t a n c e .
The mean magnet in d u c ta n c e  jL i s  g i v e n  by
= L v o l t s  p e r  turn  o f  the
e x c i t i n g  w in d in g s  x  the  
number o f  t u r n s .
= 40  X 280  v o l t s .
= 2 X peak c o i l  c u r r e n t .  
d t  ^
-  2Tff  X 2 10  a m p s / s e c .
. . L = âP.J .^ = 0 . 1 7  H.
314 X 210
R e s o n a t in g  c a p a c i t o r .
The v a lu e  o f  the c a p a c i t a n c e  i s  g iv e n  by th e  form ula
I n s e r t i n g  v a lu e s  f o r  ^  and I— , C. = gO y i f .
U s e f u l  e n e r g y .
The en er g y  in  the u s e f u l  p a r t  o f  the main a i r  gap
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ui fe-g. S ■ gjU_g_ jo u le s
S t t . io '^
= 800 j o u l e s .
T o ta l  e n e r g y .
The t o t a l  e n er g y  Wr = j o u l e s
= j '  . o - q  
2-
= 3800  j o u l e s .
Energy e f f i c i e n c y .
The en ergy  e f f i c i e n c y  = 0 .2 1
Wt
R e a c t iv e  power.
The r e a c t i v e  power = R.M.S. v o l t s  a c r o s s  c o i l s  x  
R.M.S. c u r r e n t ,
_ 210
= 8 X lO'  ^ X 7 = ^  = 1200  kV AR.
1 2
Loss power.
T h is  has been c a l c u l a t e d  in  the  c h a p te r  deai^ing  
w ith  Magnet E x c i t a t i o n  C h a r a c t e r i s t i c s  and i s  e s t i m a t e d  to  
be about 1 8 . 5  kW.
itntt .Magnet "Q'
Q = r e a c t i v e  power = 1200  ^  gg
l o s s  power 1 8 . 5
P u l l  between g u i d i n g  p o l e s .
The peak f o r c e  between the  g u id in g  p o l e s
^  HXex X g u id i n g  p o le  c r o s s - s e c t i o n  dynes
8TT
—24 —
= i o i i L Ç Z O  - l b s .  w t .
8/T X 981 X 454
•2^ 6000 l b s .
I t  i s  c o n v e n ie n t  in  t h i s  machine to  have a com pression  
member i n  the magnet gap,  i n  the  form o f  a c y l i n d e r  o f  
b a k e l i s e d  paper s i t t i n g  on the 1" f l a n g e  round the o u te r  
p e r i m e t e r ' o f  the  p o l e s ,  a s  in  f i g u r e  1 .  T h is  c y l i n d e r  can 
a l s o  form the c r a d le  f o r  the vacuum chamber.
In  order  t h a t  the  p o l e  gap s h a l l  n o t  va ry  
s i g n i f i c a n t l y  d u r in g  the o p e r a t in g  c y c l e ,  th e  com press ion
produced by the peak f o r c e  must be lo w .
The c y l i n d e r  maximum c r o s s - s e c t i o n  ^  30 s q .  i n s .  
and t h e r e f o r e  th e  maximum p r e s s u r e  = 200 I b s / s q .  i n .
Youngs Modulus f o r  b a k e l i s e d  paper i s  1 -  2 x 10^ I b s / s q . i n .
The t o t a l  l e n g t h  o f  th e  c y l i n d e r  ^  4 i n .
• 4 X 2 0 0
. . Max. com pression  = %
1 X 10^
= 0.0008" and i s  n e g l i g i b l e .
C o i l  c o o l i n g .
The h ig h  c u r r e n t  d e n s i t y  r a t i n g  g i v e s  a h ig h  power 
l o s s .  The t o t a l  c a l c u l a t e d  v a lu e  ( s e e  Chapter I I I )  a t  
f u l l  e x c i t a t i o n  i s  about  7 . 5  id'/., sa y  4 k W /c o i l .
The mass o f  copper per  c o i l  » c r o s s - s e c t i o n  x  l e n g t h  o f
mean turn x  s p e c i f i c  g r a v i t y
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( 1 7 . 2 )  X {2 ir  X 1 1 )  X ( 0 . 5 1 8 4 )
2 . 2
-2: 170 Kg.
The s p e c i f i c  h e a t  o f  copper => 0 .1
Hence th e  e q u i v a l e n t  thermal c a p a c i t y  o f  ea c h  c o i l  = 17 Kg. 
The r a t e  o f  h e a t i n g  o f  each  c o i l  = 4000  x  0 .2 4  c a l s / s e c .
1000  c a l s / s e c .
. . Rate o f  tem perature  r i s e  o f  e a c h  c o i l
_ 1000  X GO 
“ 17 X 1000
-  3 ^C/min.
min
I f  induced  a i r  c o o l i n g  i s  u s e d ,  and th e  a l l o w a b l e  
tem perature  r i s e  i s  3 0 ^ 0 . ,  then  th e  volume o f  a i r  r e q u i r e d  
per u n i t  t ime i s  o b ta in e d  as  f o l l o w s : -
The t o t a l  r a t e  o f  h e a t i n g  = 2000 c a l s / s e c .
The s p e c i f i c  h e a t  o f  a i r  = 0 .2 4  
A ir  d e n s i t y  = 0 . 0 8  I b s / c u . f t .
The mass o f  a i r  r e q u i r e d / s e c .  = gms.
0 . 2 4  X 30
The volume o f  a i r  r e q u ir e d /m i n .
= -go c u . f t . / m l n .
0 .2 4  X 30 X 0 . 0 8  x  454  
^  500 c u . f t . / m i n .
(b)  C o n s t r u c t i o n .
G e n e r a l .
The g e n e r a l  c o n s t r u c t i o n  i s  shown in  th e  l a b e l l e d
oSSSSS
fiSSS
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9000
eeo
o0000*00 eo000^ 001 o*(Ro.@ooeo 000009
F ig u r e  2
F ig u r e  $a
F igu re  Jb
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sc h e m a t ic  d iagram o f  f i g u r e  2 w h ich  i s  l a r g e l y  s e l f - e x p l a n a t o r y  
and a l s o  in  th e  p h otograp h s  d i s p l a y e d  i n  f i g u r e  3 .  The l a t t e r  
show th e  com plete  a s s e m b ly ,  l e s s  two r e t u r n  p a t h s ,  and a l s o  
the  b e t a t r o n  c o r e s .  The magnet c o n s i s t s  o f  two c y l i n d r i c a l  
g u id e  p o l e s  (A) a t t a c h e d  t o  s t e e l  to p  and b a se  p l a t e s  r e s p e c t ­
i v e l y ,  and e i g h t  sy m m e tr ica l  r e t u r n  p a th s  (B) w h ich  are  
rem ovab le .  The to p  and b a se  p l a t e s  (G) are  mounted on f o u r  
tu b u la r  s t e e l  s u p p o r t s  (D) w h ich  a l s o  c a r r y  t h e  two e x c i t i n g  
c o i l s  ( E ) .  In  ord er  t o  f a c i l i t a t e  rem oval  o f  t h e  vacuum 
chamber, t h e  upper  p o le  i s  a t t a c h e d  t o  a screw  mechanism ( P ) ,  
b o l t e d  t o  the  top p l a t e ,  w h ich  a l l o w s  t h e  p o le  t o  be r a i s e d  
w i t h  e a s e .  The vacuum chamber i s  mounted in  th e  gap b etw een  
the g u id e  p o l e s  and i s  s u p p o r te d  by a b a k e l i s e d  p aper  c y l i n d e r  
(G) w hich  a l s o  forms th e  com p ress ion  member. The r e t u r n  p a th s  
b u t t  a g a i n s t  th e  p o l e s  and are  i n s u l a t e d  from them by a s h e e t  
o f  0 .020"  l e a t h e r o i d .  I t  i s  e s s e n t i a l  t h a t  the  gaps betw een  
the r e tu r n  p a th s  and p o l e s  sh o u ld  be u n i fo r m  t o  w i t h i n  a few  
th o u sa n d th s  o f  an in c h  to  p r e s e r v e  the  n e c e s s a r y  f i e l d  
u n i f o r m i t y  in  the  main gap .  T h is  r e q u i r e s  a c c u r a t e  r a d i a l  
a l ig n m e n t  o f  th e  r e tu r n  p a t h s ,  and to  a s s i s t  i n  t h i s  e a c h  p a th  
s l i d e s  between  r e c t a n g u l a r  s t e e l  b l o c k s  (H) on th e  t o p  and 
b ase  p l a t e s ,  and i s  f u r t h e r  g u id e d  by p in s  ( I )  p r o t r u d in g  
through t h e s e  p l a t e s  w hich  mate w i t h  machined s l o t s  i n  o t h e r  
s t e e l  p l a t e s  a t t a c h e d  to  th e  r e tu r n  p a th  a n g le  i r o n  c a s i n g .
The r e tu r n  p a th s  are  t i g h t l y  clamped a g a i n s t  t h e  g u i d i n g  p o l e s  
by p i e c e s  o f  channel  i r o n  (J )  b o l t e d  to  the  r e c t a n g u l a r  b l o c k s .
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The b e t a t r o n  c o r e s  (K) are  c o n t a i n e d  in  th e  c e n t r a l  bore  and 
are su p p o rted  by a c e n t r a l  rod b o l t e d  to  th e  to p  o f  t h e  s crew  
ja c k .  Annular a i r  c o o l i n g  d u c t s  (L) a re  a t t a c h e d  t o  the  
e x c i t i n g  c o i l s  and donut c r a d l e  and a i r  p a s s e s  o u t  th r o u g h  
two p a i r s  o f  r e c t a n g u l a r  b a k e l i s e d  paper  t u b e s  d i s p l a c e d  180  
from ea c h  o t h e r ,  and co n n e c ted  t o  th e  main e x h a u s t  t r u n k i n g .
The magnet b ase  p l a t e  a l s o  s u p p o r t s  th e  pumping equipm ent (M) 
w hich  i s  shown in  f i g u r e  3 .  The t o t a l  w e i g h t  i s  a b o u t  t h r e e  
to n s  ♦
Main p o l e s .
The main p o l e s  a r e  c o n s t r u c t e d  o f  Grade D e l e c t r i c a l  
s h e e t  s t e e l  l a m i n a t i o n s  0 .014"  t h i c k ,  and c o n s i s t  o f  a 
number o f  p a c k e t s  p la c e d  back t o  back  e a c h  c o n t a i n i n g  
se v e n  l a m i n a t i o n s  o f  s u i t a b l y  gra d ed  v / id th .  The sp a c e  
f a c t o r  i s  a b o u t  80^. The i r o n  r e q u i r e s  t o  p o s s e s s  u n i f o r m  
m a g n e t ic  p r o p e r t i e s  and th e  l a m i n a t i o n s  t o  be r e a s o n a b l y  
w e l l  i n s u l a t e d  from e a c h  o t h e r .  C a l c u l a t i o n s  i n d i c a t e  t h a t  
ab out  4^ change i n  i r o n  l o s s ,  or an o v e r a l l  i n s u l a t i o n  
r e s i s t a n c e  o f  about  O.Oldj. a c r o s s  a p a c k e t  o f  l a m i n a t i o n s  
c o u ld ,  under the most u n fa v o u r a b l e  c o n d i t i o n s ,  produce  a 
1 ^ s e c .  phase s h i f t  w h ic h  a t  i n j e c t i o n  t im e may be 
s i g n i f i c a n t .  The punched l a m i n a t i o n s  are  bonded by a 
s u i t a b l e  v a r n i s h  a p p l i e d  d u r in g  a s s e m b ly  and baked on.
The v a r n i s h  i s  r e q u ir e d  t o  in t r o d u c e  a s  l i t t l e  s t r e s s  a s  
p o s s i b l e  and be cap ab le  o f  w i t h s t a n d i n g  a t  an e l e v a t e d  
tem perature  the l a r g e  sh e a r  s t r e s s e s  o c c u r i n g  i n  o p e r a t i o n .
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Return p a t h s .
These are  c o n s t r u c t e d  o f  Grade B s h e e t  s t e e l  o f
t h i c k n e s s  = 0 .0 1 6 " .  The l a m i n a t i o n s  a r e  a s s e m b le d  dry  and  
are  clamped between  i n s u l a t e d  a n g l e  i r o n  c a s i n g  by  i n s u l a t e d  
b o l t s .  The space  f a c t o r  i s  a b o u t  0 . 9 5 .
B e ta tr o n  p o l e s .
These are  c o n s t r u c t e d  from 0 .005"  l a m i n a t i o n s  o f  low  
l o s s  c o l l e d  r o l l e d  o r i e n t e d  s i l i c o n  s t e e l  and a re  bonded  
in  the  same way as  th e  main p o l e s .  The f l a t  and c y l i n d r i c a l  
f a c e s  are ground and e t c h e d  a f t e r  b o n d in g .  The s p a c e  
f a c t o r  i s  about  0 . 8 .
( c )  R e l a x a t i o n  method a p p l i e d  to  p o l e  p r o f i l e  d e s i g n .
I t  was found e x p e r i m e n t a l l y  t n a t  th e  p o l e s  w h ich  had  
p r o f i l e s  as  d e s ig n e d  o r i g i n a l l y  by A .E .R .E .  ( f i g u r e  1 )  
s a t u r a t e d  a t  b o th  the a i r  gap and r e tu r n  p a th  e n d s ,  and ga v e  
r i s e  t o  l a r g e  magnet in d u c ta n c e  ch an ges  and low peak e n e r g y .
I t  was d e c i d e d  t o  i n c r e a s e  the  p o l e  d ia m e te r  by  ab out  l ÿ ’ t o  
p r e v e n t  t h i s .  An i n c r e a s e  in  p o l e  d ia m e te r  a lo n e  would  
p ro b a b ly  n o t  have improved m a t t e r s  a t  a l l  b ec a u se  o f  th e  e x t r a  
l e a k a g e  f l u x ,  and i t  was t h e r e f o r e  n e c e s s a r y  t o  m o d i f y  th e  
p o l e  p r o f i l e  i t s e l f  to  reduce  l e a k a g e .  The a u th o r  u n d e r to o k  
t h i s  work and d e c id e d  t o  employ r e l a x a t i o n  methods b e ca u se  
th ey  lo o k e d  p o t e n t i a l l y  to  be v e r y  p o w e r f u l ,  a l t h o u g h  as  f a r  
as was known, the  t e c h n iq u e  had n e v e r  b e f o r e  been  a p p l i e d  to  
t h i s  kind o f  problem . P r a c t i c e  a t  g u e s s i n g  s t a r t i n g  v a l u e s
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o f  p o t e n t i a l  d i s t r i b u t i o n  round the  b o u n d a r ie s  h e l p e d  a good  
d e a l  t o  l e s s e n  the  amount o f  work i n v o l v e d .  F i n a l l y ,  an 
e l e c t r o l y t i c  tank was c o n s t r u c t e d  from v/h ich  the  p o t e n t i a l  
co u ld  be found a t  p o i n t s  on th e  r e l a x a t i o n  mesh and u s e d  f o r  
s t a r t i n g  v a l u e s .  From t h i s  and s u b s e q u e n t  e x p e r i e n c e ,  t h e  
r e l a x a t i o n  method ap pears  t o  be th e  most  s a t i s f a c t o r y  and  
a c c u r a te  method o f  d e s i g n ,  e s p e c i a l l y  when a p p l i e d  t o  m a ch in es  
o f  s m a l l  o r b i t  r a d i u s .  T h is  work was l a t e r  expanded  by
Q
Robinson who d e s c r i b e s  an a n a l y t i c a l  method o f  d e s i g n i n g
p o l e s  a s  opposed to  th e  a u t h o r ’ s p r o c e s s  o f  t r i a l  and e r r o r .
The r e l a x a t i o n  p r o c e s s  i s  d i s c u s s e d  i n  d e t a i l  by  
17S o u th w e l l  . B r i e f l y ,  f o r  l i n e s  o f  f o r c e  i n  a f i e l d  c o n t a i n i n g  
ir o n  we h a v e ,  i f  V = m a g n e t ic  p o t e n t i a l .
= Û
In a i r  t h i s  r e d u c e s  to  L a p l a c e ' s  e q u a t i o n
1 . . .  i l  *  Ü  -  JlV ,  o
J-*-
% 0
i n  c a r t e s i a n  
c o - o r d i n a t e s
In c y l i n d r i c a l  c o - o r d i n a t e s
. q .  . A
èf" t  u  XT’" X y
In th e  sy n c h r o tr o n  we can assume i n v a r i a n c e  w i t h  0 
and e q u a t io n  ( i )  can be re d u ced  t o
(1 )
= o ( 2 )
F ig u r e  ij.
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The c o r re sp o n d in g  f i n i t e  d i f f e r e n c e  e q u a t io n  f o r  
a square r e l a x a t i o n  mesh i s
(3 )
...............................................................
and the  r e l a x a t i o n  p a t t e r n  i s  shown in  f i g u r e  4#
For a square mesh o f  s i d e  th e  f i n i t e  d i f f e r e n c e
e q u a t io n  becomes
1'» *  = O  W)
when 7^ becomes l a r g e  compared w i t h  e q u a t io n  (4 )  
s i m p l i f i e s  to
= 0   ( 5 )
E q uations  (4 )  and (5 )  en ab le  the v a lu e  o f  th e  p o t e n t i a l  
f u n c t i o n  to  be d e term in ed  a t  p o i n t s  on the  mesh f o r  g i v e n  
boundary c o n d i t i o n s  by a p r o c e s s  amounting t o  s u c c e s s i v e  
approxim ation# The d i f f i c u l t y  i s  o f t e n  i n  the  c h o ic e  o f  
b o u n d a r ies  and boundary c o n d i t i o n s #  As and
^  f & s im p le  summation p r o c e s s  a l l o w s ^ t h e  t o t a l  f l u x  
through any s u r f a c e  to  be found p r o v id i n g  th e  f l u x  d e n s i t y  i s  
known a t  one p o in t#  For exam ple ,  t h i s  p r o c e s s  a l l o w s  th e  f l u x  
d e n s i t y  to  be c a l c u l a t e d  a t  any s e c t i o n  o f  the g u id e  p o l e s  f o r  
a g iv e n  f l u x  d e n s i t y  a t  the o r b i t #
The method can a l s o  be u s e d  f o r  the d e t e r m i n a t i o n  
o f  "n", th e  f i e l d  law in d e x .  i s  g i v e n  by
 < “ >
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Th© r e l a x a t i o n  method was a c t u a l l y  f i r s t  used  by the author  
to  c a l c u l a t e  the  f l u x  d e n s i t y  f o r  the  A .E .R .E .  p o le  ( f i g u r e  1)  
a t  g iv e n  v a lu e s  o f  e x c i t a t i o n  below s a t u r a t i o n .  The c a l c u l a t e d  
v a lu e s  compared w i t h  e x p er im en ta l  r e s u l t s  to  w i t h i n  and 
gave added co n f id en ce  co n cern in g  i t s  a p p l i c a t i o n  to  p o le  d e s i g n .  
The a c t u a l  procedure i s  b e s t  i l l u s t r a t e d  by r e f e r e n c e  t o  a 
p a r t i c u l a r  problem, and f o r  t h i s  we take the  m o d i f ie d  d e s ig n  
o f  p o le  t o  a v o id  s a t u r a t i o n .  The p o le  d ia m e te r  was t o  be 
in c r e a s e d  by about 1^ i n ;  the a c t u a l  p r o f i l e  in  the main gap 
was not  to  be a l t e r e d ,  but some sh a p in g  o f  the o u te r  edge o f  
the main p o le  was a l lo v /ed .  In order  to  a v o id  d i f f i c u l t i e s  in  
m anufacturing  punching t o o l s ,  i t  was d e c id e d  n o t  to  c o n s id e r  the  
u se  o f  curved s u r f a c e s .  The f i n a l  p o le  p r o f i l e  i s  shown in  
f i g u r e  5 ,  t o g e t h e r  w i t h  an example o f  th e  type  o f  r e l a x a t i o n  
mesh u s e d .  In t h i s  case  i t  i s  c o n v e n ie n t  t o  regard  the  median  
plane  (AO) as one boundary w i t h  V = o ,  the magnet p r o f i l e  
(BCDEPG) as an oth er  e q u i p o t e n t i a l  boundary w i t h  V = 1 0 0 ,  and 
the magnet a x i s  o f  symmetry (not  shown) and AB as the  c l o s i n g  
b o u n d a r ie s .  AB has been a l l o t t e d  a p o t e n t i a l  d i s t r i b u t i o n  w hich  
v a r i e s  l i n e a r l y  a lo n g  i t s  l e n g t h .  In f a c t ,  however ,  s l i g h t  
v a r i a t io n s  in  p o t e n t i a l  a lo n g  the  boundary do not  a f f e c t  
s i g n i f i c a n t l y  th o s e  n ea re r  t o  the  p o l e .  A f t e r  f i x i n g  the  
boundary p o t e n t i a l s ,  v a lu e s  a t  o th e r  p o i n t s  on th e  mesh are  
c a l c u l a t e d  a cco rd in g  to  eq u a t io n  (4 )  or ( 5 ) ,  c o r r e c t i n g  where  
n e c e s s a r y  u n t i l  the e q u a t io n s  are  s a t i s f i e d  w i t h i n  the  a l lo w a b l e  
e r r o r .  I t  i s  p o s s i b l e ,  and o f t e n  d e s i r a b l e ,  t o  s t a r t  w i t h  a
im >Q
Or  bi t  r a d i u s  — c m s
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r e l a t i v e l y  co a rse  mesh and h a v in g  c a l c u l a t e d  ^  f o r  t h i s ,  
advance to  a f i n e r  mesh. The t o t a l  l e a k a g e  f l u x  or f l u x  
d e n s i t y  a t  any p a r t  o f  the  p o le  i s  o b t a i n e d  e i t h e r  by summing 
a lo n g  the median p l a n e ,  or  ^ ^ a lo n g  the
p o le  p r o f i l e  where N i s  the  normal to  th e  p r o f i l e #  The 
p r o f i l e  as shown i n d i c a t e d  t h a t  i t  would be p o s s i b l e  t o  r e a c h  
a f l u x  d e n s i t y  o f  1 2 , 5 0 0  g a u ss  a t  the  o r b i t  b e f o r e  s a t u r a t i n g  
any p a r t  o f  the  p o l e ,  compared w i t h  about  1 0 ,0 0 0  f o r  the  o ld  
p r o f i l e #  Leakage had been reduced  c o n s i d e r a b l y  t o o ,  w i t h  the
4
r e s u l t  t h a t  the r e a c t i v e  power a t  1 0  o r b i t  g a u ss  was re d u c e d  
by one t h i r d ,  i . e .  from 1500 kVA ( o l d  p r o f i l e )  t o  900 kVA 
(new p r o f i l e ) ,  a c o n s i d e r a b l e  s a v in g  i n  c a p a c i t o r  f o r  a g i v e n  
peak X -r a y  e n e r g y .
As i n d i c a t e d  by e q u a t io n  (b )  i t  i s  p o s s i b l e  a l s o  t o  
c a l c u l a t e  v a l u e s  o f  "tO* i n  the  gap o c c u p ie d  by th e  vacuum 
chamber# This  r e g i o n  i s  no t  shown in  f i g u r e  5 ,  b u t  v a l u e s  o f  
have been c a l c u l a t e d  and compared w i t h  p r a c t i c a l  r e s u l t s  
o b ta in e d  by A#C. m a g n e t ic  measurements f o r  v a r i o u s  v a l u e s  o f  
^  . F ig u r e  b compares g r a p h i c a l l y  v a l u e s  o f  a lo n g  th e  
median p l a n e ,  ( ^  = o ) o b ta in e d  by r e l a x a t i o n ,  A.C# m a g n e t ic  
m easurem ents ,  and a l s o  e l e c t r o l y t i c  tank  measurements# The 
r e l a x a t i o n  and A#C# curves  are  i n  r e a s o n a b l e  a g re e m en t .  The 
s l i g h t  r a d i a l  d i s p la c e m e n t  betw een  them may be due t o  
i n a c c u r a c i e s  in  th e  e x p e r im e n ta l  t e c h n i q u e ,  w h i l s t  the  s l i g h t  
d i f f e r e n c e  i n  s lo p e  a t  low r a d i i  may be e x p l a i n e d  by the
e f f e c t s  o f  p o le  p a ck in g  f a c t o r s  and f l u x  p a th  r e l u c t a n c e  w hich
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were n o t  taken  i n t o  a c c o u n t  in  th e  r e l a x a t i o n  p r o c e s s .  The 
e l e c t r o l y t i c  tank r e s u l t s  do n o t  compare n e a r l y  so  f a v o u r a b l y .  
One f e a t u r e  t h a t  i s  brought  ou t  c l e a r l y  i s  t h a t  a low l e a k a g e  
cannot be o b ta in e d  w i t h o u t  some s a c r i f i c e  i n  th e  c o n s t a n c y  o f  
w i t h  r a d i u s .
A f u r t h e r  i n t e r e s t i n g  p o i n t  c o n c e r n in g  p o l e  p r o f i l e
0
d e s i g n  concerns  R o b in so n ' s p a p e r .  He d e t e r m in e s  the  s l o p e  o f  
the  p r o f i l e  a n a l y t i c a l l y  t o  y i e l d  g iv e n  v a l u e s  o f  over  a
g iv e n  r e g io n  when l e a k a g e  i s  n e g l e c t e d .  To c o r r e c t  f o r  t h i s  
he has  t o  a p p ly  r e l a x a t i o n  m ethod s .  I t  i s  i n t e r e s t i n g  t o  
compare the  s lo p e  o f  the  p r o f i l e  g i v e n  i n  h i s  p r a c t i c a l  
example w i t h  th a t  o b t a i n a b l e  by a p p l i c a t i o n  o f  the s im p le  
form ula  ^  d e r i v e d  i n  a p r e v i o u s  s e c t i o n  o f
t h i s  c h a p te r .  The s l o p e  g i v e n  by t h i s  form ula  shows a 
d i s c o n t i n u i t y  a t  b u t  i t  i s  p o s s i b l e  t o  o b ta in  a mean v a lu e  
by t a k in g  eq u a l  in cr em en ts  on e i t h e r  s i d e  o f  .
The s lo p e  o f  R o b in so n ’ s p r o f i l e  = 0 . 1 9 3 ,  f o r  an 
average  v a lu e  o f  "nrj* = 0 . 7 3 ,  and an e q u i l i b r i u m  o r b i t  
r a d iu s  -  12 cms. I f  t h i s  v a lu e  o f  i s  i n s e r t e d  i n  th e  
fo r m u la ,  we f i n d  t h a t  f o r  = 12 c m s . , th e  mean s l o p e  =
0 . 1 8 8 .  The d i f f e r e n c e  between  t h i s  and R o b in s o n ’ s v a lu e  i s  
n e g l i g i b l e .
(d) Some comments on the u s e  o f  an e l e c t r o l y t i c  t a n k .
The u se  o f  e l e c t r o l y t i c  tanks  f o r  p o t e n t i a l
d i s t r i b u t i o n  problems s a t i s f y i n g  L a p l a c e ’ s e q u a t io n  i s  w e l l  
12 20  21  22known. » » » * The a u th o r  s e t  up su ch  a tank  t o  a i d
Mirror
t a n k
m i r r o r
p o i n t e r
I E scale
cross
wires ( b )
p r o b e s  on  
i n s u l a t e d  s l e e v e
( r o t a t e d  in this d i a g r a m
t h r o u g h  9CP f o r  c l a r i t y )
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p o le  d e s ig n  and below are a few o b s e r v a t io n s  con cern in g  i t s  u s e .
Tank c o n s t r u c t i o n .
The tank  d im ensions  w e r e : -  l e n g t h  32", b rea d th  24" ,  
depth  3". The s i d e s  were made o f  i-" p a x o l in  s e a l e d  t o  a 
base o f  p l a t e  g l a s s ,  the u n d ers id e  o f  which was covered
by mm. square graph paper.
Probe.
The probe c o n s i s t e d  e i t h e r  o f  t h in  p latinum  w ire  or  
a f i n e  s t e e l  n e e d l e ,  the d iam eter  b e in g  as sm all  as p o s s i b l e  
t o  reduce meniscus e f f e c t s .  The probe was c a r r ie d  by 
p a x o l in  cross  p i e c e s  and cou ld  be s i g h t e d  on the graph  
paper by cr o ss  w i r e s .  I t  was arranged j u s t  to  d ip  i n t o  
the e l e c t r o l y t e .  For d e term in in g  the  s lo p e  o f  e q u i -  
p o t e n t i a l s  a double  probe was c o n s tr u c te d  on a r o t a t i n g  
head,  and i t s  angu lar  p o s i t i o n  measured e i t h e r  by 
galvanom eter  lamp, m irror and s c a l e ,  or a p o i n t e r  moving 
over a c i r c u l a r  s c a l e .  A diagram of  t h i s  arrangement w i t h  
double probe i s  g iv e n  in  f i g u r e s  7a and 7b.
E l e c t r o d e s .
E l e c t r o d e s  were e i t h e r  of  p o l i s h e d  b ra ss  or copper.  
E l e c t r o l y t e .
Very d i l u t e  CuSO  ^ s o l u t i o n ,  d i s t i l l e d  w ater  and tap  
w ater  were t r i e d .  Tap w ater  appeared t o  g i v e  b e s t  r e s u l t s .
V o ltage  s u p p ly .
V o ltage  s u p p l i e s  o f  50 and 400A/were t r i e d .
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The l a t t e r  was found t o  reduce e l e c t r o l y s i s .  P o t e n t i a l  
d i f f e r e n c e s  o f  the order o f  3 v o l t s / c m .  were found  
r e a s o n a b le .  Low p o t e n t i a l  d i f f e r e n c e s  appeared to  encourage  
p o l a r i z a t i o n  e f f e c t s .
The maximum current  d e n s i t y  u sed  was never  g r e a te r  
than about 1 mA/sq.cm. o f  e l e c t r o d e  and t h i s  a l lo w e d  one 
or two hours continuous running b e fo re  i t  became n e c e s s a r y  
to  c lea n  them.
D e t e c t o r .
The e l e c t r o l y t e  formed two arms o f  a br idge  c i r c u i t ,  
and S u l l i v a n  H.P. decade boxes the o ther  two. The 
d e t e c t o r  could be e i t h e r  a v i b r a t io n  galvanometer or C.R.O. 
No true n u l l  p o in t  was found owing to  what appeared t o  be 
a v o l t a g e  r e a c t i v e  component. I t  was soon found th a t  f o r  
good r e s u l t s  a l l  l e a d s  needed sc r e e n in g  and t h a t  a Vagner 
ea r th  was requ ired  to  balance out s t r a y  impedances.  I t  
was a l s o  found advantageous to  average s e v e r a l  rea d in g s  to  
minimize e r ro r s  due to  probe p o s i t i o n i n g .  This e r r o r  was 
in  the  order o f  ^  o f  t o t a l  p . d .  in  the centre  o f  an 
e l e c t r o d e  gap 5 cm. w id e .
E f f e c t  o f  e l e c t r o l y t e  meniscus and d e p th .
On copper e l e c t r o d e s  the e f f e c t  o f  meniscus was 
v i s i b l e  up t o  a d i s t a n c e  o f  5 mm. away and no a t tem pt was 
made to  o b ta in  read ings  nearer  to  the  e l e c t r o d e s  than t h i s .
The e f f e c t  o f  e l e c t r o l y t e  depth  on the tank a c c u r a c y ,  
both  f o r  f l a t  and wedge ta n k s ,  was such th a t  f o r  a depth  of
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the erro r  was 2 -  3%, -  1%, 1" -  o f  the a p p l i e d
p . d .
E f f e c t  o f  b o u n d a r ie s .
The boundaries  a f f e c t  r e s u l t s  up t o  a d i s t a n c e  o f
about 6". This cou ld  be observed  by a movable i n s u l a t i n g
boundary. The error  was found t o  be g r e a t e s t  i f  the
e q u i p o t e n t i a l s  were p a r a l l e l  to  the boundary. I t  was a l s o
found th a t  tank f l o o r  i r r e g u l a r i t i e s  were unim portant  f o r
v a r i a t i o n s  l e s s  than 2% o f  the e l e c t r o l y t e  d ep th .
23A paper has r e c e n t l y  been p u b l i s h e d  d e a l i n g  s o l e l y  
w it h  the f a c t o r s  l i m i t i n g  the accuracy  o f  ta n k s .
4 .  CONCLUSIONS.
1 .  The b a s i c  d e s ig n  appears to  p r e s e n t  no fundamental  
d i f f i c u l t i e s  once the  u s e f u l  gap c r o s s - s e c t i o n  has  
been chosen .  I t  i s  n o t  e a s y ,  however, t o  choose the  
c r o s s - s e c t i o n  n e c e s s a r y  f o r  a d e s i r e d  X -ray  o u tp u t ,  
and more q u a n t i t a t i v e  in fo rm a t io n  about t h i s  i s  
d e s i r a b l e .
2 .  The g u id in g  p o le  p r o f i l e  r e q u ir e s  c a r e f u l  c o n s i d e r a t i o n .  
I t  seems th a t  an ‘brv" in v a r ia n t  w i t h  r a d iu s  i s  d i f f i c u l t  
to  a c h ie v e  w i th  low f l u x  l e a k a g e .  The o n ly  hope appears  
to  be the  use  o f  s a t u r a b l e  p o le  t i p s ,  but  i t  must be 
remembered th a t  t h i s  may l e a d  t o  tu n in g  d i f f i c u l t i e s  
owing t o  la rg e  inductance  v a r i a t i o n s .
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3 .  R e la x a t io n  methods have been s u c c e s s f u l l y  a p p l i e d
and appear t o  o f f e r  the most a c c u r a te  tech n iqu e  f o r
p o le  d e s i g n .  T heir  u se  i s  a id e d  c o n s id e r a b ly  by 
employing e l e c t r o l y t i c  tank measurements as a s t a r t i n g  
p o in t  f o r  the c a l c u l a t i o n s .
4 .  I t  i s  i n t e r e s t i n g  to  note  t h a t ,  i n  an example o f  an
a n a l y t i c a l  d e s ig n  method d e v i s e d  by Robinson ,  the
p r o f i l e  s lo p e  d i f f e r s  by a n e g l i g i b l e  amount from  
th a t  ob ta in ed  by an e a s i l y  d e r i v a b le  formula from  
the r a d i a l  f i e l d  law .
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CHAPTER I I .
MAGNET POYŒR SUPPLIES AND EXCITATION CIRCUIT.
SUMMARY.
The ways in  which power can be s u p p l ie d  to  the  
magnet are c o n s id e r e d .  P a r t i c u l a r  r e f e r e n c e  i s  made to  the  
u se  o f  power f a c t o r  c o r r e c t in g  c a p a c i to r s  in  a s e r i e s  r e s o n a t in g  
c i r c u i t .  Some form o f  c i r c u i t  tun ing  i s  n e c e s s a r y  and 
inductance  tun ing  i s  d i s c u s s e d  in  some d e t a i l .  O r ig in a l  
experim ents  are  d e s c r ib e d  on the u se  of  an on - load  ta p  changer  
connected  a c r o s s  a p o r t io n  o f  th e  magnet w in d in g s .
1 .  GENERAL.
The magnet can be regarded as a c i r c u i t  e lem ent  
com pris ing inductance  and r e s i s t a n c e  w i th  a power f a c t o r  o f  
the order o f  Ij^. S e v e r a l  a l t e r n a t i v e s  are a v a i l a b l e  f o r  
co n n ect io n  to  the power su p p ly .
( i )  D i r e c t  co n n ec t io n  -  the c o i l  v o l t a g e  i s  h ig h  and 
co n se q u en t ly  con n ect ion  must be made through a 
s tep -u p  tran sform er .
( i i )  Motor g en er a to r  s e t .
( i i i )  Power f a c t o r  c o r r e c t i n g  c a p a c i t o r s .
There are s e r i o u s  o b je c t io n s  to  the f i r s t  a l t e r n a t i v e  because  
of  the low power f a c t o r  and h ig h  r e a c t i v e  power. A motor  
g en er a to r  s e t ,  capable o f  su p p ly in g  the f u l l  KVAR would o v er ­
come t h i s  o b j e c t i o n ,  but would be running a t  very  low e f f i c i e n c y .  
The th ir d  a l t e r n a t i v e  i s  the most a t t r a c t i v e  because  on ly  the
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c l r c u i t  l o s s e s  need to  be s u p p l i e d  by the  m ains .  By making  
the  LC c i r c u i t  s e r i e s  re so n a n t  the mains su p p ly  v o l t a g e  need  
o n ly  be s u f f i c i e n t  t o  overcome the  c i r c u i t  l o s s e s .  For th e  
30 MeV. machine the  t o t a l  l o s s e s  are about 21 MV., w i t h  a 
c i r c u l a t i n g  cu r r en t  o f  160 amps, and the  mains v o l t a g e  f o r  
u n i t y  p . f .  needs o n ly  to  be in  th e  order o f  150 v o l t s .  S e r i e s  
reso n a n ce  i s  the method g e n e r a l l y  u se d  and has been adopted  
f o r  the  30 MeV. s y n c h r o tr o n .
2 .  METHODS OF CIRCUIT TUNING.
The in d u cta n ce  o f  a b e t a t r o n  s t a r t e d  machine i s  not  
c o n s ta n t  throughout  the  e n e r g i s i n g  c y c l e  and f r e q u e n t l y  the  
change i s  so l a r g e  and the Q so  h ig h  t h a t  i t  would be 
im p o s s ib le  t o  s u c c e s s f u l l y  e x c i t e  the magnet from the mains  
w ith o u t  some a d d i t i o n a l  form o f  t u n in g .  The mean in d u cta n ce  
o f  the  magnet and the c a p a c i t o r s  f i x  the  r e s o n a n t  f r e q u e n c y ,  
w h i l s t  th e  in s t a n t a n e o u s  in d u cta n ce  g i v e s  th e  cu rren t  and 
v o l t a g e  waveforms.
Tuning may be accom p lished  by v a ry in g  f ,  0 or L,  
or any com bination  o f  t h e s e .
V a r i a t i o n  o f  f .
Th is  can be a ccom p lished  by a v a r i a b l e  sp eed  motor  
a l t e r n a t o r  s e t .  The c i r c u i t ,  a t  low e x c i t a t i o n ,  r e s o n a t e s  
a t  low fre q u en c y  and e x c i t a t i o n  can be i n c r e a s e d  r e a d i l y  
and sm ooth ly  by i n c r e a s i n g  the output  f r e q u e n c y  o f  th e  
a l t e r n a t o r  s e t .
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V a r i a t i o n  o f  G.
The u se  o f  trimmer c a p a c i t o r s  i s  not  so  c o n v e n ie n t ,  
f i r s t l y  b ecau se  o f  s w i t c h in g  c o m p l ic a t io n s  and s e c o n d l y  
because  th e  n e c e s s a r y  v a r i a t i o n  i s  o b ta in a b le  o n ly  in  
f i n i t e  in c r e m en ts .  Some c a p a c i t o r  s w i t c h i n g  may be u s e f u l  
' in  a d d i t i o n  to  in du ctan ce  t u n in g .
V a r i a t i o n  o f  L.
P o s s i b i l i t i e s  here  i n c l u d e :-
( i )  tapped turns on the  magnet w i t h  tap  changer
( i i )  s e r i e s  inductance
( i i i )  p a r a l l e l  in d u c ta n c e .
3 .  PARALLEL INDUCTANCE TUNING.
24Dain c o n s id e r s  the u se  o f  p a r a l l e l  in d u cta n ce  in  
d e t a i l  and such  a choke i s  in  u se  a t  the  Royal Cancer H o s p i t a l .  
B r i e f l y ,  a cc o r d in g  to  D ain ,
= ATi K  ^  ^
LjS = k  ...................................)
dci i s  the  e q u i l ib r i u m  o r b i t  r a d iu s
-  e f f e c t i v e  annulus  w id th  
i s  a c o n s ta n t
= in d u cta n ce  due t o  gu ide  f i e l d  o n ly ,
i . e .  dur ing  sy n c h ro tr o n  a c t i o n
-  in d u cta n ce  due to  b e t a t r o n  f l u x .
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Prom (1 )  Ajg = Ag .....................................
For v er y  low e x c i t a t i o n ,  mean in d u ctan ce  =
For v er y  h ig h  e x c i t a t i o n ,  mean in du ctan ce  =
I f  /- = mean in du ctan ce  f o r  any g iv e n  A.C* c u r r e n t ,  
then ^  L  ^    . . . . . . ( 3 )
The r e q u ir e d  p a r a l l e l  in du ctan ce  L p  i s  g iv e n  by
( 2 )
= A s  ............................................................... ( 4 )
from which U, = A$ I—    (5 )
I—  i~s
g i v i n g  from ( 3 ) ,  L ^ [L s -t-t-fl) ^  ^  oO   ( 6 )
Equation  ( 6 ) g i v e s  the re q u ir e d  range o f  Lf>
The c o r r e c t o r  choke may be u sed  f o r  tu n in g  as w e l l  as  s t a r t i n g  
For t u n i n g ,  the condenser  bank i s  made t o  r e s o n a t e  w i t h  
a t  the l o w e s t  su p p ly  f r e q u e n c y .  The choke i s  then u s e d  f o r  
tun ing  t o  h ig h e r  f r e q u e n c i e s .
I f  the freq u en cy  v a r i a t i o n  i s  48 -  52 c y c l e s  ( i . e .  
t o t a l  o f  8%) the t o t a l  in d u cta n ce  v a r i a t i o n  ® 16% and th e
range o f  c o r r e c t o r  in d u cta n ce  i s  ^ ^  c O  .................( 7 )
For running up (e q u a t io n  6 ) the  choke needs  t o  cover
0 .4 8  H <  A ^  and f o r  f r eq u en c y  v a r i a t i o n  the choke needs
to  cover 0 .8 0  H s  ^  •
In  p r a c t i c e  an upper l i m i t  o f  20  -  30 H i s  s u f f i c i e n t .  The 
choke sh ou ld  be a b le  t o  c a r ry  a cu rren t  o f  3 0  -  40 A and t o  
w ith s ta n d  a v o l t a g e  o f  10 kV. RMS.
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The choke in  u se  a t  the  Royal Cancer H o s p i t a l  has  
the f o l l o w i n g  s p e c i f i c a t i o n s
RMS v o l t a g e  10 kV. C ontinuous r a t i n g  30 -  1 . 6  H.
S h or t  t ime r a t i n g  1 . 6  -  0 . 9  H . ,
a t  20 A. A.C. max.
The choke has  a v a r i a b l e  a i r  gap w i t h  a m o to r i s e d  core movement,  
but the same e f f e c t  cou ld  be a c h ie v e d  by u s e  o f  D.C. s a t u r a t i n g  
w i n d in g s .  The s p e c i f i c a t i o n  d o es  n o t  q u i t e  meet the  r e q u i r e ­
ments o f  e q u a t io n s  ( 6 ) and ( 7 ) ,  but t h i s  i s  b eca u se  th e  choke  
was d e s ig n e d  f o r  a core p o s s e s s i n g  an in d u c ta n c e  o f  0 .3 2  H.
4 .  INDUCTANCE TUNING BY TAPPED TURNS ON THE MONET 
AND AN ON-LOAD TAP CHANGER.
Some ex p er im en ts  have been performed t o  a t te m p t  t o  
tune the  magnet by t a p p in g  turns  on th e  magnet c o i l s .  The 
r e s u l t s  o f  t h e s e  ex p er im en ts  are  thought  t o  be o f  s u f f i c i e n t  
i n t e r e s t  t o  r e p o r t .
The c i r c u i t  u sed  i s  shown in  f i g u r e  8 , and c o n s i s t e d  
o f  a v a r i a b l e  s i n g l e  phase v o l t a g e  su p p ly  ( c o n t r o l l e d  by 3 ,
50 B v a r i a c s  i n  p a r a l l e l )  i n  s e r i e s  w i t h  the  c a p a c i t o r s  and 
magnet w in d in g s .  14 Turns out o f  th e  t o t a l  o f  280 were  
connected  i n  o p p o s i t i o n  t o  the  r e s t  and a l s o  t o  a tapped a u to  
t r a n s fo r m e r .  Any o f  the  taps  cou ld  be s e l e c t e d  by an o n - lo a d
tap  changer w i t h  a c e n t r e  tap  a u to  t r a n s fo r m e r .  V o l t a g e s ,
c u r r e n t s ,  e t c . ,  were m on itored  by s ta n d a rd  m ethods .  The c e n tr e  
tapped a u to  was a t  f i r s t  c o n s t r u c t e d  w i t h  an i r o n  c o r e ,  but  
i t  was soon found t h a t  any a t te m p t  t o  tap  change r e s u l t e d  in
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the magnet f a l l i n g  out o f  r e s o n a n c e .  T h is  was due t o  the l a r g e  
in d u c ta n c e  o f  the a u t o ,  and f o r  s a t i s f a c t o r y  o p e r a t io n  i t  was 
found n e c e s s a r y  t o  remove the  i r o n  core and hence to  have a 
h ig h  m a g n e t i s in g  c u r r e n t .
Q u a l i t a t i v e l y  i t  was found t h a t ,  w i t h  th e  tap  changer
in  a g iv e n  p o s i t i o n ,  th e  c u rr en t  in  the c i r c u i t  and the v o l t a g e
a c r o s s  the w in d in g s  i n c r e a s e d  v e r y  s l o w l y  as  the su p p ly  v o l t a g e
was in c r e a s e d ,  and t h e n ,  s u d d e n ly ,  th e  core swung i n t o
re so n a n c e  and f u r t h e r  i n c r e a s e  in  su p p ly  v o l t s  produced v e r y
l i t t l e  change i n  th e  l e v e l  o f  e x c i t a t i o n .  C o n v e r s e ly ,  i t  was
found t h a t  a f t e r  the core had swung i n t o  r e s o n a n c e ,  the s u p p ly
v o l t a g e  cou ld  be red u ced ,  a g a in  w i t h o u t  much change in
e x c i t a t i o n ,  u n t i l  the core f e l l  out o f  r e s o n a n c e .  T h is  appears
19to  be in  c o n t r a d i c t i o n  w i t h  th e  s t a t e m e n t  by Pry t h a t  th e  
e x c i t a t i o n  c u r r e n t  i n  t h e i r  machine i s  c o n t r o l l e d  by a v a r i a b l e  
r a t i o  a u to - t r a n s fo r m e r  f e e d i n g  the  s u p p ly  v o l t s .  In f a c t ,  i t  
i s  hoped t o  show, in  what f o l l o w s ,  t h a t ,  owing t o  the v a r i a b l e  
in d u c ta n ce  c h a r a c t e r i s t i c s  o f  the m agnet,  i t  i s  im p o s s ib le  t o  
c o n t r o l  e x c i t a t i o n  in  t h i s  way.
S e v e r a l  s e r i e s  o f  r e a d in g s  were o b t a i n e d ,  f o r  v a r io u s  
tap changer p o s i t i o n s ,  o f  s u p p ly  v o l t a g e ,  c o i l  cu rr en t  and 
v o l t a g e ,  and c i r c u i t  l o s s e s ,  t o  a s c e r t a i n  the e f f e c t  o f  
r e d u c t i o n  i n  su p p ly  v o l t s  when the core  was in  r e s o n a n c e .  A 
s e l e c t i o n  i s  shown i n  t a b l e  I ,  t o g e t h e r  w i t h  the c a l c u l a t e d  
power f a c t o r  and e f f e c t i v e  r e s i s t a n c e  o f  the c i r c u i t .  I t  i s
c l e a r  t h a t  e x c i t a t i o n  cannot be c o n t r o l l e d  by s u p p ly  v o l t a g e .  
The power f a c t o r  can e a s i l y  be shown t o  be l e a d i n g  and the
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TABLE 1
Tap C o i l C o i l
changer Supply v o l t a g e current K i l o ­ R / \p o s i t -  v o l t a g e ( k . v . ) (amps) w a t t s P .P . ( e f f ) - o -
io n .
1 215 7 . 8 0 1 3 6 . 0 1 7 . 8 0 . 6 1 .9 6 3
206 7 .7 0 1 3 6 .0 1 8 . 0 0 .6 4
195 7 . 7 0 1 3 6 . 0 1 8 . 0 0 . 6 8
186 7 .7 0 1 3 4 . 8 1 7 . 9 0 .7 2
168 7 . 7 0 1 3 4 . 0 1 6 . 6 0 .7 4
170 7 .6 2 1 3 4 .0 1 7 . 8 0 . 7 8
160 7 . 6 2 1 3 2 .0 1 7 . 3 0 .8 2
153 7 . 6 4 1 3 4 .4 1 8 . 0 0 . 8 8
142 7 . 6 0 1 3 3 .2 1 7 . 8 0 .9 4
133 7 . 5 0 1 2 7 .2 1 6 .2 0 .9 6 1 . 0 0 3
T
core f a l l s ou t
o f  re so n a n ce
4 212 7 . 0 9 1 2 2 .4 1 5 . 5 0 .6 0 1 .0 3 5
170 6 .9 4 1 1 8 .0 1 4 . 8 0 .7 4
155 6 .8 4 1 1 6 .4 1 4 . 5 0 . 8 0
145 6 . 7 5 1 1 4 .8 1 4 . 3 0 . 8 6
136 6 . 6 8 1 1 3 .6 1 4 . 0 0 .9 1
1 2 1 6 . 5 9 1 1 0 . 8 1 3 . 5 1 . 0 1 . 1 0 0
Y
core f a l l s out •
o f  re so n a n ce
8  215 5 .8 5 1 0 1 . 6 1 0 . 6 0 . 4 8 1 . 0 3 0
156 5 .3 7 9 2 .8 9 . 0 0 .6 2 .
144 5 .2 2 9 0 .4 8 . 6 0 . 6 6
136 5 .1 4 8 8 . 8 8 .3 0 . 6 9
130 5 . 0 8 8 7 .6 8 . 1 0 .7 1 ■
1 2 0 5 . 0 0 8 5 .2 7 . 8 0 .7 6
1 1 1 4 . 9 0 8 3 .2 7 . 5 0 .8 1
1 0 0 4 . 7 8 8 0 . 8 7 . 1 0 . 8 8
90
4
4 . 6 0 7 6 . 8 6 . 6 0 .9 6 1 . 1 1 6
core f a l l s out
o f  re son ance
I n d u c t a n c e  ^ H e n r i e s ^
p O ~ 0 O
h
F ig u re  $ i
- 4 5 -
c i r c u i t  n o rm a l ly  runs c a p a c i t a t i v e . The main e f f e c t  o f  
r e d u c t io n  in  su p p ly  v o l t a g e  i s  t o  b r in g  the  power f a c t o r  
n e a r e r  t o  u n i t y ,  a t  w hich  v a lu e  the  core f a l l s  out  o f  re so n a n c e  
The mean magnet in d u c ta n ce  as a f u n c t i o n  o f  c o i l  v o l t a g e  i s  
shown in  f i g u r e  9 ,  and i s  u s e f u l  to  dem onstrate  the  a c t i o n  o f  
the c i r c u i t  w hich  may be e x p l a i n e d  q u a l i t a t i v e l y ,  as f o l l o w s .
Below betaztron core s a t u r a t i o n  the  in d u c ta n c e  w i l l  
be a p p r o x im a te ly  c o n s t a n t .  Above s a t u r a t i o n ,  i t  d e c r e a s e s  
c o n t in u o u s ly  w i t h  i n c r e a s i n g  c o i l  c u r r e n t .  Suppose a t  sm all  
c u r r e n ts  the  n e t  c i r c u i t  r e a c ta n c e  i s  i n d u c t i v e ,  and a t  h ig h  
c u r r e n t s ,  c a p a c i t a t i v e . I f  the  e f f e c t i v e  c i r c u i t  r e s i s t a n c e  
i s  c o n s t a n t ,  then on i n c r e a s i n g  the su p p ly  v o l t a g e  the  cu rr en t  
w i l l  a t  f i r s t  in c r e a s e  s l o w l y  w i t h  no change i n  the  power 
f a c t o r .  I f  the  a p p l i e d  v o l t a g e  becomes s u f f i c i e n t  t o  b r in g  
the core  i n t o  the  r e g io n  where the  s l o p e  o f  the in d u c ta n c e  
c u r r e n t  curve i s  n e g a t i v e ,  then  the core  w i l l  swing i n t o  
reson ance  and the  power f a c t o r  w i l l  change from l a g g i n g  to  
l e a d i n g .  I t  i s  c l e a r  t h a t  the c i r c u i t  would n o t ' f a l l  i n t o  
reso n a n ce  i f  i t  were o r i g i n a l l y  c a p a c i t a t i v e .  I f  now, th e  
s u p p ly  v o l t a g e  i s  r ed u ce d ,  the  c i r c u i t  c u rr en t  w i l l  a l s o  tend  
to  r e d u c e ,  and thus b r in g  about an i n c r e a s e  i n  tne  magnet  
in d u c t a n c e .  T h is  w i l l  b r in g  the  v o l t a g e  v e c t o r  n ea rer  i n  
phase w i t h  the cu rr e n t  v e c t o r  and tends  to  i n c r e a s e  the c u rr en t  
a g a i n .  . The two e f f e c t s  w i l l  oppose each  o th e r  and the  sy s tem  ' 
w i l l  be in  s t a b l e  e q u i l i b r i u m  u n t i l  the  v o l t a g e  i s  redu ced  
s u f f i c i e n t l y  to  make th e  p . f .  = 1 .  At lo w er  v o l t a g e s  than  
t h i s ,  the  c i r c u i t  becomes u n s t a b l e  b eca u se  th e  c u rr en t  w h ich .
( ~
♦-H
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f o r  any su p p ly  v o l t a g e  i s  a maximum when the  p . f .  = 1 , i s  
red u ced .  T h is  i n c r e a s e s  L  w h ich  f u r t h e r  d e p r e s s e s  I  , and 
the e f f e c t  becomes c u m u la t iv e ,  w i t h  t h e  r e s u l t  t h a t  t h e  c i r c u i t  
f a l l s  out o f  r e s o n a n c e .
Q , u a n t i t a t i v e l y
T  = X  p x  (wz.-  ^
r  = X  /« o A  -
The in d u c ta n c e  v a r i e s  w i t h  c u r r e n t .  Over a s m a l l  
range o f  c u rr en t  the v a r i a t i o n  can be r e g a rd ed  as a l i n e a r  
f u n c t i o n  and e x p r e s s e d  as  f o l l o w s
where L  i s  th e  in d u c ta n ce  a t  any c u r r e n t  
w i t h i n  t h e  chosen  r a n g e .
A  i s  the  in d u c ta n c e  c o r r e s p o n d in g  to  
e x t r a p o l a t i o n  from th e  e l e m e n t  t o  
ze ro  c u r r e n t .
i s  th e  s l o p e  o f  t h e  c u r v e .
AX
T h is  i s  shown i n  f i g u r e  1 0 .
C ons ider  th e  cu rr e n t  range  1 0 0  -  1 2 0  amps 
co rre sp o n d in g  t o  the  t a p  changer p o s i t i o n  4 i n  t a b l e  I .
0 . 0 0 5
AX
and /  0 . 2 4 5  H
2 5 0
I
wmo
■Dw
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Over t h i s  range the e f f e c t i v e  r e s i s t a n c e  a c c o r d in g  t o  t a b l e  I  
i s  c o n s ta n t  and has  a v a lu e  ac l-o.*
Thus V  = J  I  / +-jruif6 ........................ ( 8 )
Supposing a t  -  110 amps, i . e . ,  p . f .  = 1 a t  110 A.
Then f o r  o th er  v a lu e s  o f  cu rr en t  between 100 and 120 A . ,  the  
supply  v o l t a g e  i s  r e a d i l y  c a l c u l a t e d  a c c o r d in g  to  e q u a t io n  ( 8 ) 
and v a lu e s  are  g iv e n  below f o r  cu rren t  in crem en ts  o f  5 A, and 
compared w i t h  the observed  v a lu e s  g iv e n  i n  t a b l e  I .  The 
agreement i s  good
I  = 1 0 0 .0  1 0 5 . 0  1 1 0 . 0  1 1 5 .0  1 2 0 . 0
( c a l c u l a t e d )  190 135  110 147 217
( t a b l e  I )  -  121 145 212
A graph o f  ( c a l c u l a t e d )  a g a i n s t  i s  g iv e n  in  f i g u r e  1 1 ,  
the cha in  l i n e  p o r t io n  b e in g  u n s t a b l e .  The curve i s  s i m i l a r  
to a resonance  cu r v e ,  the sh a rp n e ss  o f  which depends on th e  
s lo p e  o f  th e  curve over  the  chosen  ra n g e .  The sh a rp ­
ness  w i l l  be g r e a t e s t  a t  h ig h  c u r r e n t s .  S im i l a r  curves  may be 
drawn f o r  o th e r  chosen cu rren t  r a n g e s .  F igu re  11 c l e a r l y  
i n d i c a t e s  the i m p o s s i b i l i t y  o f  c o n t r o l l i n g  e x c i t a t i o n  by  
supply  v o l t a g e  v a r i a t i o n .
Other exper im ents  showed t h a t  ta p  changing  was 
s a t i s f a c t o r y  up to  a maximum of  about  2 0  -  25 tapped  turns  
in a t o t a l  o f  2 8 0 .  Above t h i s  the magnet was l i a b l e  to  f a l l
out of  re son ance  d ur ing  the tap changing  o p e r a t i o n .  W ith 11 
s t e p s  t h i s  r e p r e s e n t s  about  1 . 5  -  2.0% per s t e p .  Th is  l i m i t
“4 8—
could p ro b a b ly  be i n c r e a s e d  by i n c r e a s i n g  th e  a v a i l a b l e  s u p p ly  
v o l t a g e ,  b u t  t h i s  would be r a t h e r  i n c o n v e n i e n t .  For f u l l  
tun in g  a t  f i x e d  f r e q u e n c y ,  th e  magnet r e q u i r e s  about  2 5  -  30% 
change i n  in d u c t a n c e ,  and a l l o w i n g  f o r  a su p p ly  f r e q u e n c y  
v a r i a t i o n  o f  8 %, th e  t o t a l  i s  40  -  45%. T h is  co u ld  o n ly  be 
o b ta in a b le  by i n c r e a s i n g  th e  number o f  s t e p s .
The r e s u l t s  o f  the  e x p e r im e n ts  show t h a t
1 .  I t  i s  p o s s i b l e  t o  c o n t r o l  c i r c u i t  e x c i t a t i o n  by  
tapped tu r n s  on the m agnet.
2 .  I t  i s  n o t  p r a c t i c a l  t o  c o n t r o l  e x c i t a t i o n  by  
s u p p ly  v o l t a g e  v a r i a t i o n .
3 .  The c i r c u i t  sh o u ld  a lw ays  o p e r a te  a t  a l e a d i n g
1 % ; . powe r  f a c t o r  ( s a y  O.b -  0 . 7 ) ,  o t h e r w is e  s m a l l
changes i n  s u p p ly  f r e q u e n c y  a re  l i a b l e  t o  throw  
the  magnet out  o f  r e s o n a n c e .  The s u p p ly  v o l t a g e  
must be h ig h  enough f o r  t h i s  p u r p o se .
4 .  For the 30 MeV. m a g n e ts ,  the  u pp er  l i m i t  t o  the  
in d u c ta n c e  s t e p s  i s  about  2 % and a p p r o x im a te ly  
2 0  s t e p s  are  r e q u ir e d  to  cover  in d u c ta n c e  and 
freq u en  cy change s .
5 .  C o n s id e r a b le  care must be taken  i n  th e  d e s i g n  ■ 
o f  th e  m id - p o in t  a u to  t r a n s fo r m e r  so  t n a t  i t s  
in d u c ta n ce  i s  sm a l l  compared w i t h  each  s t e p .
5.  30 MEV MAGNET EXCITATION CIRCUIT.
A b lo c k  d iagram  o f  the Royal Cancer H o s p i t a l
-4 9 -
i n s t a l l a t i o n  i s  shown in  f i g u r e  1 2 .  There are a few p o in t s  
about i t  which may need e x p la n a t io n .
i .  Peaking tra n s fo r m e r s .
These are s p e c i a l  transform ers  which  
produce p u ls e s  f o r  t im ing  e l e c t r o n  i n j e c t i o n ,  .
R.P. on, e t c .
i i .  Tuning choke and a u x i l i a r y  c a p a c i t o r s .
In a d d i t io n  to  the choke, a d d i t i o n a l  
tuning i s  sometimes requ ired  and i s  provided by 
s i x  s i n g l e  c a p a c i to r  u n i t s  of  2 .2 5  ^ f  each.
Sw itch ing  i s  c o n t r o l l e d  from the synchrotron  
c o n tr o l  room.
i i i .  D i s p la y  u n i t .
A small  v o l t a g e ,  from turns around the  
main g u id in g  p o le s  i s  in t e g r a t e d  and a p p l i e d  t o  the  
X p l a t e s  o f  a C.R.O. The d e f l e c t i o n  produced i s  
p r o p o r t io n a l  to the g u id in g  f i e l d  s t r e n g t h .
V o l t a g e . p u lse s  a p p l i e d  to  the  Y p l a t e s  show 
i n j e c t i o n  t im in g ,  the R.P. en v e lo p e ,  e t c .
6 . CONCLUSIONS.
1 .  The most conven ient  way o f  e x c i t i n g  the magnet appears  
to be to  connect  the c o i l s  in  s e r i e s  w i th  s u i t a b l e  
c a p a c i to r s  to form a s e r i e s  r e s o n a t in g  c i r c u i t .  The 
advantages are th a t  the supply  v o l t a g e  need on ly  
be r e l a t i v e l y  low , and th a t  only c i r c u i t  l o s s e s  
are s u p p l ie d  from tne mains.
- 5 0 -
2 .  Some form o f  t u n in g  i s  r e q u ir e d  b ecau se  o f  magnet  
in d u c ta n ce  v a r i a t i o n .  The u se  o f  a p a r a l l e l  
in d u c t a n c e ,  as  d i s c u s s e d  by D a in ,  i s  q u i t e  
s a t i s f a c t o r y ,  w h i l s t  o r i g i n a l  ex p er im en ts  on tapped  
e x c i t i n g  c o i l  tu r n s  show t h a t  t h i s  method to o  has  
p o s s i b i l i t i e s .
3 .  The e x p er im en ts  d e s c r i b e d  c l e a r l y  show the e f f e c t  
o f  the magnet c u r r e n t - c h a r a c t e r i s t i c  and g i v e  
some p r o p e r t i e s  o f  the  s e r i e s  r e s o n a n t  c i r c u i t ,
on w h ich ,  h i t h e r t o ,  t h e r e  has  been no in f o r m a t io n .
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CHAPTER I I I
j
IVIAGNET EXCITATION CHARACTERISTICS.
SUMMARY.
Curves o f  t o t a l  c i r c u i t  power l o s s e s ,  c i r c u l a t i n g  
power, and magnet Inductance as  a fu n c t io n  o f  magnet e x c i t a t i o n  
current have been obta ined and the measured l o s s e s  have been 
compared w i th  c a l c u la t e d  l o s s e s .  The measured l o s s e s  are a 
l i t t l e  g r e a te r  than those c a l c u l a t e d ,  but the d iscrep a n cy  i s  
not la r g e  and in d i c a t e s  th a t  the magnet has been reason ab ly  
w e l l  c o n s tru c ted .  An attempt has been made to  determine the  
source o f  the ex c ess  l o s s e s  and i t  i s  concluded that  i t  i s  
probably due to  cross  f l u x  in  the la m in a t io n s .
1 .  LOSSES AND INDUCTANCE.
The c i r c u i t  used  f o r  measurement o f  magnet e x c i t a t i o n  
c h a r a c t e r i s t i c s  i s  shown below in  f ig u r e  13 .
The e x c i t a t i o n  of  the magnet was v a r ied  up to  i t s  
maximum value and readings obtained o f  supply  v o l ta g e  and 
freq u en cy ,  magnet c o i l  v o l t a g e ,  c i r c u l a t i n g  current  and t o t a l  
c i r c u i t  l o s s e s .  From the r e s u l t s  obta ined  curves o f  l o s s e s ,  
c i r c u l a t i n g  kVA and magnet inductance as a fu n c t io n  of  
c i r c u l a t i n g  current have been drawn and are shown in  f i g u r e  14 ,  
to g e th e r  w i t h  a curve o f  magnetic  f i e l d  i n t e n s i t y  a t  the o r b i t  
r a d iu s .  I t  w i l l  be seen th a t  the t o t a l  c i r c u i t  l o s s e s
corresponding to  f u l l  e x c i t a t i o n  (1 0  ^ g a u ss )  are approxim ately
D.3ClOOOO
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2 1  KW and the t o t a l  c i r c u la t in g  r e a c t iv e  power i s  about 1500 
kVA. The f u l l  e x c i t a t io n  current i s  about 163 amps# There i s  
a steady  decrease in magnet inductance as the e x c i t a t io n  i s  
increased  varying from 0 .225  H a t  50^ e x c i t a t i o n ,  to 0 .166  H 
a t  100^ e x c i t a t i o n .  This i s  due to progress ive  sa tu ra t io n  of  
parts of  the magnet, and in d ic a te s  the need for  some tuning  
element for  s u c c e s s fu l  operation from a f ix e d  frequency^ source.
2 .  COMPARISON OF MEASURED LOSSES WITH CALCULATED LOSSES.
(a) General.
The standard methods of measuring magnetic m ater ia l  
l o s s  c h a r a c t e r i s t i c s  u s u a l ly  ensure that the m ateria l  under 
t e s t  i s  m echanically  s t r e s s  f r ee  and o f te n ,  in  the case of  
e l e c t r i c a l  sheet  s t e e l  la m in a t io n s ,  a d d i t io n a l  in s u la t io n  between 
them i s  provided by th in  sh ee ts  o f  "Leatheroid" or other  
in s u la t i n g  m a te r ia l .
The magnetic m ater ia l  in the synchrotron may be fa r  
from s t r e s s  f r e e .  The main guiding po les  are bonded by a 
s p e c ia l  varnish  which i s  pa inted  on in  the cold and then baked. 
This varnish  contains  a therm osett ing  component, and 
consequently ,  considerable  s t r e s s e s  may be induced during the 
coo l ing  periods a f t e r  baking. The return paths are clamped 
t i g h t l y  between angle iron s ide  p la t e s  by means of in su la te d  
cross b o l t s  which may a l s o  induce s t r e s s e s .  The lam inations  
have standard in s u la t in g  coatings  on ly ,  which under the t i g h t l y  
bonded and clamped c o n d i t io n s ,  may be i n s u f f i c i e n t  to  prevent  
eddy currents f low ing  between them. Also a cer ta in  amount of
-5 3 -
cross  f l u x  in  the main pole  lam inat ions  i s  unavoidable and 
w i l l  n e c e s s a r i l y  le a d  to in creased  l o s s e s .
There are a l s o ,  o f  course ,  copper l o s s e s  in  the  
e x c i t i n g  c o i l s  and, in  a d d i t io n ,  because the c o i l s  are 
unavoidably p laced in  the leakage f i e l d  of  the magnet, p o s s i b l y  
con s id erab ly  eddy current l o s s e s ,  u n le s s  precaut ions  are taken.  
The c o i l s  o f  the 30 MeV. synchrotron magnet have been wound 
w ith  stranded wire in  order to  reduce t h i s  e f f e c t  as much as 
p o s s i b l e .  One of  the measures o f  the q u a l i t y  o f  the  f u l l y  
co n stru cted  magnet i s ,  t h e r e f o r e ,  to compare c a l c u la te d  l o s s e s  
w ith  a c tu a l  measured l o s s e s ,  such as have been d escr ib ed  in  
the prev ious  chapter.
(b) Magnetic l o s s e s .
In order to  c a l c u la t e  the magnetic l o s s e s ,  i t  i s  
n e ce ssa r y  to know the magnetic l o s s  c h a r a c t e r i s t i c s  of  the  
m a te r ia l  and the maximum f l u x  d e n s i t i e s  occuring in d i f f e r e n t  
parts  of  the magnet whose masses are known. The e a s i e s t  way 
o f  o b ta in in g  the maximum f l u x  d e n s i t i e s  i s  to measure the  
R.M.S. v o l ta g e  induced in  c o i l s  c ircum scr ib ing  the parts  in  
q u e s t io n .  This v o l ta g e  i s  g iv en  by
V  z f  Ô ^ A  s ,   . . . . ( 1 )
where ^ = R.M.S. v o l ta g e
■f = a p p l ied  frequency c / s e c .
F = form f a c t o r
« maximum f l u x  d e n s i t y  (gauss)
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c r o s s - s e c t i o n a l  area (sq .cms*)
^ = space f a c t o r
W = number of  turns on c o l l .
Losses  have been c a l c u la te d  fo r  o r b i t  f l u x  d e n s i t i e s  o f  10 ,000  
gauss and 8 , 0 0 0  gauss r e s p e c t i v e l y  and compared w ith  measured 
v a lu es  as f o l l o w s .
L osses  in  the main gu id ing  p o l e s .
A schematic  diagram of  the main p o le s  w ith  one return  
path i s  shown in  f ig u r e  15 .  Because of  magnetic  f l u x  leakage  
the f l u x  d e n s i t y  in the main p o le s  v a r i e s  w i th  the d i s t a n c e  
away from the main a i r  gap. I t  i s  l e a s t  near to  t h i s  gap and 
g r e a t e s t  a t  the j o i n t  w i th  the return p a th s .
C a lcu la ted  leakage f l u x .
In order to  c a l c u l a t e  the f l u x  d e n s i t y  in  the p o le s  
as a fu n c t io n  o f  d i s ta n c e  from the main gap, one needs to  
know the v a r i a t i o n  of  leakage f l u x  as a fu n c t io n  o f  t h i s  
d is ta n c e  and a l s o  the a b so lu te  va lue  of  f l u x  d e n s i t y  a t  any 
one g iv e n  d i s t a n c e .
The leakage f lu x  v a r i a t io n  i s  r e a d i l y  c a l c u la t e d  
rou gh ly ,  but any accurate  e s t im a t io n  i s  very  d i f f i c u l t ,  and 
experim enta l  d eterm in at ion  i s  much the e a s i e r .  For t h i s  reason  
exper im enta l  r e s u l t s  have been used as the b a s i s  f o r  the  l o s s  
c a l c u l a t i o n ,  but f o r  i n t e r e s t  and comparison, an approximate  
e s t im a t io n  o f  leakage f l u x  i s  g iven  below.
Leakage through the c o i l .
Consider an e lem entary leakage  path Sou wide and 
1 cm. deep ( f ig u r e  1 6 ) .  Assuming the r e lu c ta n c e  in  the iron
-5 6 -
to  be n e g l i g i b l e ,  the r e lu c ta n c e  in  t h i s  e lem entary leakage  
path =
there fore  leakage f lu x /cm .  deep ~ TassxX - ^  l i n e s
3k b ^
where peak c o i l  current
= t o t a l  number of turns on e x c i t i n g  c o i l s .
The t o t a l  leakage f l u x  in  t h i s  elementary path around the
pole  circumference = ou So/ I l i n e s
5
where I = l e n g th  of  mean turn in  the space between  
pole  and return path.
This formula g iv e s  the v a r i a t io n  in leakage f l u x  in  any 
increm ental  path between a = o and a = b.
The t o t a l  leakage f l u x  through the c o i l  i s  g iven  by
^  « f  _  T T X ^ r l b l i n e s
lo t.
Leakage below the c o i l .
The leakage f lu x /e m .  deep " ^  l i n e s  f o r  an
elementary path  , and the t o t a l  leakage  f l u x  around 
the pole  = ?LZ*:2 2 lZL£5 ' . I l i n e s .
The t o t a l  leakage f l u x  over the d i s t a n c e  S ,
$  = ^ ^  S I l i n e s .
The t o t a l  leakage f l u x  a long the main p o le  ^
« y r X ^ ^ T l  . s  ^ tj/ V l i n e s  .................................(2 )
<7. ^  J
L .
- 5 6 -
Por the  30 MeV. machine, = 163 x r i*  amps, a t  f u l l
e x c i t a t i o n .
X  = 280 turns .
I = 2  7f X 28 cms#
S = 6  cms.
b  = 1 4  cms.
C. = 23 cms.
Hence,
^  = 4 77 X 165 X ( 2  X 280 X 2 »  X 28 ] l i n e s
20 X 23-
r = 4 . 0  X 1 0 ® l i n e s .
The formula f o r  t o t a l  leakage a l s o  i n d i c a t e s  that  because  
3 ^  ^  , h a l f  the t o t a l  leakage should take p lace  in a
d i s t a n c e  o f  about 6  cms. above the po le  f a c e .
The value of  ÿ  g iven  by experiment may be c a l c u la t e d
by use  o f  the f i g u r e s  in ta b le  I I .  Column 5 shows that  the  
f l u x  d e n s i t y  near the po le  fa ce  = 1 3 .3  x 1 0  ^ gauss a t  f u l l  
e x c i t a t i o n ,  w h i l s t  the maximum f l u x  d e n s i t y  19 cms. back 
= 1 9 .6  X 10^ g a u ss .  The p o le  c r o s s - s e c t i o n a l  area = 6 6 8  sq .cm s.
and t h e r e f o r e  $  = (19 .6  -  1 3 ,3 )  x 10^ x 6 6 8  l i n e s
-  4 .2  X  10 l i n e s ,  and compares favourab ly
w ith  the e s t im ated  v a lu e .
Table I I  a l s o  shows tha t  the mean f lu x  d e n s i t y ,  i . e .
^ 1 9 .6  + 1 3 . 3 j ^q3 occurs about 6  cms. back from the po le
fa c e  as one would expect  from equation  (2 ) .
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Exper im ental  d e te r m in a t io n  o f  lea k a g e  f l u x .
The v a r i a t i o n  o f  f l u x  d e n s i t y  was determ ined  
e x p e r im e n ta l l y  by measuring the v o l t a g e  Vg produced in  a 
s i n g l e  turn around the lower main p o le  f o r  v a r io u s  v a lu e s  o f  
"d", the d i s t a n c e  from the  f a c e  o f  the  p o le  ( f i g u r e  1 7 a ) .
The p o le  f a c e  p r o f i l e  i s  ra th e r  co m p lica ted  and the  a c t u a l
va lu e  o f  "d" i s  shown in  f i g u r e  17b. The v o l t a g e  V-i induced
in  a second c o i l  in  a f i x e d  p o s i t i o n  on the upper main p o le
was a l s o  measured f o r  r e f e r e n c e  purposes in  order to  c o r r e c t
f o r  any changes in  magnet e x c i t a t i o n .
The measurements were made f o r  a magnet e x c i t a t i o n  
correspon d ing  to  about 8200 a t  the  o r b i t  and are g iv e n  in  
t a b l e  I I .
The f i r s t  column g i v e s  v a lu e s  o f  "d" in  cm. and the  
second and thi;rd, v a lu e s  o f  and Vg r e s p e c t i v e l y .  The 
f o u r t h  g i v e s  v a lu e s  o f  w h i l s t  columns f i v e  and s i x  show 
c a l c u l a t e d  v a lu e s  o f  f o r  v a lu e s  o f  = 1 0 , 0 0 0  and
8 ,0 0 0  gauss  r e s p e c t i v e l y .  The n e x t  two columns g iv e  the
l o s s / l b .  a t  50 /v  , f o r  Grade D s h e e t  s t e e l  co rre sp o n d in g  to
t h e s e  f l u x  d e n s i t i e s ,  and are f o l lo w e d  by a column g i v i n g  the  
w e ig h t s  o f  the in crem en ta l  s e c t i o n s .  The l a s t  two columns 
show the c a l c u l a t e d  l o s s e s .
B^ax. o b ta in ed  by s u b s t i t u t i o n  in  e q u a t io n  ( 1 )
o f  th e  num er ica l  v a lu e s  o f  th e  v a r io u s  q u a n t i t i e s  as b e low .
f  = 48 c / s e c . ,  P = 1 . 1 1 ,  N = 1 ,  S = 0 . 8 ,
A  X ( 2 . 5 4 ) 2  11 3 . 2 5 2  _ 3 . 2 5 8  j  sq .cm .
= 835 sq .cm .
tn
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th e r e fo r e  o
Vg X lo""
B = —  ------------- % 704 Vp
4 .4 4  X 48 X 835 x  0 .8
In  the  c a l c u l a t i o n  o f  w a tts  l o s s  the p a r t  o f  th e  p o le  n ea r  th e
p r o f i l e  i s  assumed to  have th e  shape shown by the broken l i n e
in  f ig u r e  17b.
The t o t a l  l o s s  per p o le  by summation i s
(a )  f o r  = 10^ g a u s s ,  956 w a t t s .
(b) f o r  = 8000 g a u s s ,  644 w a t t s .
L o sse s  in  re tu rn  p a t h s .
The d im ensions o f  the  re tu rn  p ath s are  shown in  th e
f ig u r e  1 8 .
The c r o s s - s e c t i o n a l  area o f  iro n  (space f a c t o r  = 0 .9 5 )
= 5 X 3 .7 5  X (2 .5 4 )^  x  0 .9 5  sq .cm .
-  114 sq .cm .
The volume o f  ir o n  per re tu rn  p ath
= 114 ^  3 1 ,5  +  2 ( 1 3 .2 5  -  3 .7 5 ) j  x  2 .5 4  cu .cm s.
= 14600 cu .cm s.
The re tu r n  p ath s  are b u i l t  o f  Grade B ir o n  o f  w hich  the  
d e n s i t y  i s  7 .5 5  g m s /c c .
Hence the  w e ig h t  o f  iro n /j ,g tu rn  p a th
_ 14600 X 7 .5 5  l b s .
454
= 240 l b s .
The t o t a l  f l u x  a t  the  bottom o f  th e  main pole^= f l u x  d e n s i t y  
1^ , X p o le  c r o s s - s e c t i o n .
3 - 2 3
I
2 9 6
3 . 5
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Por Hq -  10^ g a u s s ,  t o t a l  f l u x  = 19500 x  668
= 13 X 10^ l i n e s -
Assume a l l  t h i s  f l u x  e n te r s  the  re tu r n  p a th s ,  then f l u x  per
1 '2; -JT 1 0^r e tu r n  p a th  = --------------  l i n e s  = 1 .6 2  x  10 l i n e s ,  and the
8  0
f l u x  d e n s i t y  in  the re tu rn  paths = x  10 g a u s s ,
114
= 14200 g a u s s .
At t h i s  f l u x  d e n s i t y ,  l o s s / l b .  in  Grade B iro n  = 2 .1 9  
th e r e fo r e  l o s s / r e t u r n  p ath  = 240 x  2 .1 9  w a tt s  = 525 w a t t s .
The t o t a l  l o s s  in  the re tu rn  p aths = 525 x  8 w a tt s
= 4 .2  KW.
For Hq = 8000 g a u s s ,  the f l u x  d e n s i t y  in  th e  re tu r n  
p aths = 0 .8  X 14200 g a u s s ,  = 1 1 ,3 5 0  g a u s s .
The l o s s / l b .  = 1 .3 6  w a tts  .
. . the l o s s / r e t u r n  p a th  = 240 x  1 .3 6  w a tt s
^  325 w a tts  «
and the t o t a l  l o s s  in  the re tu r n  p ath s  = 2 . 6  KW. 
L o sse s  in  the b e ta tr o n  p o l e s .
The d im ensions o f  the b e ta tr o n  p o le s  w h ich  are  
c o n s tr u c te d  o f  o r ie n te d  s i l i c o n  s t e e l  are  g iv e n  in  f ig u r e  1 9 .  
The c r o s s - s e c t i o n a l  area  o f  the ir o n
-  * ^ 4  (3 -  1 .3 2  ) X 0 .8  X 2 . 54 s q .c m . ,
(where 0 .8  i s  the space f a c t o r )
= 2 9 .3  sq .cm .
—61 —
The d e n s ity  o f  the o r ien te d  s i l i c o n  sh ee t  s t e e l  
= 7 .6 5  gm s/cc ..
• . the w eight o f  each pole
-  2 9 .5  X  7 .6 5  X  5 .5  x 2 .5 4  i b s .
454
= 4 .4  l b s .
The b eta tron  p o le s  sa tu r a te  a f t e r  about 10% of  the 
a c c e le r a t in g  p er io d . This i s  eq u iv a le n t  to op eration  a t  
500 c / s e c .  w ith  a duty period  o f  1 in  1 0 . The s t e e l  s a tu r a te s  
at about 2 0 , 0 0 0  g a u ss , and the l o s s  f o r  t h i s  f l u x  d e n s i t y  a t  
500 c / s e c .  = 47 w a t t s / l b .
Hence the l o s s / p o l e  = — ■ ^ w atts  20 w a t t s .
10
The t o t a l  l o s s  in the betatron  p o le s  i s  th e r e fo re  
40 w a tt s .
T ota l m agnetic l o s s e s .
Loss in  main p o les  
Loss in  return  paths =
Loss in  b etatron  p o le s  =
Hq — 10 g a u ss .  Hq s  3 X 10 g a u ss .
1910 w a tts  
4200 "
40 "
T otal magnetic l o s s e s  a t  50^ 6150 w a t t s .
(c )  Copper lo s s e s  in  the e x c i t in g  c o i l s .
The d e t a i l s  o f  c o i l  co n stru ct io n  a r e :-  
No. o f  turns per c o i l  = 140
No. o f  tu r n s / la y e r  ■ 1 4
No. o f  la y e r s  = 1 0
1290 w a tts  
2 6 0 0  "
40 "
3 9 3 0  w a t t s .
300 yds
-6 2  -
Estim ated le n g th  o f wire per c o i l  -  278 yds.
Assume the e f f e c t i v e  le n g th  due to stran ding  to  be
The wire s i z e  = ^ V .0 4 6
The r e s is ta n c e /1 0 0 0  yds. o f  0 .046 a t  60° P. (1 5 .5 °  C. ) 
-  1 4 .4_j%_
. . the r e s is ta n c e  o f each c o i l  = ^ ^^7 "’
= 0 .1165
OThe working temperature o f  the c o i l s  i s  about 75 C. 
\  = 2 3 4 +  7.5 = 1 .2 4. .
^15.5  234 + 1 5 .5
and RygO  ^ = 1 .2 4  x 0 .1165  = 0 .144
Hence the t o t a l  r e s is ta n c e  o f  the c o i l s  
at 75° 0 .  = 0.288X1.
Hence the copper lo s s e s  fo r  the two requ ired  
values o f  f lu x  d e n s i ty  are as below.
Hq = 10^ g a u ss . Hq “ 8 X 10^ gauss
Copper l o s s  in  the
c o i l s  (I^R) “ 7660 w atts  3360 w atts
(d) Capacitor l o s s e s .
The cap acitors  have a f i n i t e  power f a c t o r ,  which  
r e s u l t s  in  consid erab le  l o s s e s  because o f  the large  c ir c u la t in g  
r e a c t iv e  power.
— 63 —
For Hq = 1 0  ^ gauss t h i s  r e a c t iv e  power = 1480 kVA.
I f  we assume a power fa c to r  = 0 .0 0 3 ,  then the 
cap ac itor  l o s s e s  = 0 .003  x 1480 KW.
= 4 .4 4  KW.
2
For Hq = 8  X 10 gau ss , the r e a c t iv e  power = 710 kVA., 
and the cap acitor  lo s s e s  = 2 .1 3  KW.
(e )  T ota l c i r c u i t  l o s s e s .
The magnetic l o s s e s  have been c a lc u la te d  fo r  a 
supply frequency o f  5 0 ^  , the a c tu a l  l o s s  measurements were 
made w ith  a 48/v supply and c o r re c t io n  must be made. Assume 
th at the lo s s e s  fo r  a g iven  are frequency , then the
to t a l  lo s s e s  are as tab u la ted  below.
o
T ota l m agnetic l o s s e s  
Copper lo s s e s  
Condenser lo s s e s
Total c i r c u i t  l o s s e s
T ota l measured l o s s e s
4
= 1 0  gau ss . H q  = 8  X
2
1 0  g a u ss .
5 .9 KW. 3 .7 8 KiV.
7 .6 6 II 3 .3 6 If
4 .4 4 tl 2 .1 3 If
18 .00 KW. 9 .27 KW.
2 1 .3 KW. 9.40 K(Y.
The estim ated  lo s s e s  are 15% low a t  100% e x c i t a t io n  
and 1.5% at  80% e x c i t a t io n .
The ca lc u la te d  lo s s e s  a r e ,  as one would e x p e c t ,  
lower than the a ctu a l v a lu e s ,  but the d i f f e r e n c e s  are not
very great and in d ica te  a reasonably  good c o n s tr u c t io n a l  
techn ique.
- 6 4 -
3 . STRAY LOSSES.
The ex cess  lo s s e s  v/hich occur a t f u l l  e x c i t a t io n  
may be e i th e r  copper or iron l o s s e s .  As was p o in ted  out 
p r e v io u s ly ,  the e x c i t in g  c o i l s  are s i t u a te d  in a con sid erab le  
leakage f i e l d  which may produce eddy l o s s e s .  To reduce th e s e ,  
the c o i l s  have been wound w ith  stranded wire and i t  i s  of  
in t e r e s t  to  see i f  t h i s  p recaution  i s  adequate.
R eferring  to  f ig u r e  16 and the a s s o c ia te d  c a lc u la t io n s ,  
i t  fo l lo w s  th a t ,
R.M.S. Â X  gauss = 7 .6 5
fo r  the 30 MeV. machine.
Consider a s in g le  stran d , radius f' , of the 
conductor o f which the c o i l s  are wound, and the eddy currents  
produced by c u tt in g  of the leakage f lu x  as in  f ig u r e  2 0 , where 
S'y i s  a c r o s s - s e c t io n  of an elem entary eddy path , d isp la c e d  
by y  from the K a x i s .
The R.M.S. v o l t a g e /u n i t  le n g th  = v o l t s .
The r e s is ta n c e  per u n it  le n g th  =
where ^  i s  the s p e c i f i c  r e s i s t a n c e .  °
Therefore the R.M.S. current = • A y .  fo •■^^^jamps.
The rate  o f  lo s s /c m . v
= y  X- w a tts .
y
-  w a t t s .
sr
- 6 5 -
The ra te  of lo s s /c m . per strand
./A r t -
= J *
but K = 6 ,  ^  = -/-%a6  - /- fy  =
th erefore  the rate of lo s s /c m . per strand
/t>gy ôjiui^ 10— i f  dB
= ,o -'^ ^
S /Q>
The number of strands/condu ctor  = 3 7 .
Therefore t h ^ a t e  o f Loss/cm . per conductor
= 3 / . ^^t t s
/é,sr
The average rate  o f  lo s s /c m . per conductor, fo r  a l l  conductors  
in  the c o i l
/o:^  w a t t s .
3 ^
The t o t a l  le n g th  of co n d u c to r /c o il  300 yds. = 300 x 36 x 2 .5 4
cms,
th erefore  average ra te  o f  l o s s / c o i l
-  . X'Si4', WjL w atts
I n se r t in g  va lues f o r  f '  = 0 .023  x 2 .54  cms.
/  = 50 ^
^  -  1 .7 2  X 10“®X3L /cu .cm .
(o )
I I
F ig u re  21
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2  —3the average rate  o f l o s s / c o i l  -  1 .0 3 5 '  I x 10~ w a tt s .
At f u l l  e x c i t a t io n  I = 163 amps.,
th erefo re  average l o s s / c o i l  = 27 w a tts .
Hence the t o t a l  s t r a y  lo s s  i s  approxim ately equal to  50 w atts  
and i s  n e g l ig ib l e  compared w ith  the normal copper l o s s e s .
I t  would seem, th e r e fo r e ,  th a t  the excess  l o s s e s  are  
in  the ir o n . Such lo s s e s  may be caused by (1) mechanical 
s t r e s s e s ,  (2) poor in te r - la m in a t io n  r e s i s t a n c e ,  or (3) eddy 
currents produced by c r o s s - f lu x  in  the ir o n . R es is ta n ce  
measurements across packets of lam in ation s seemed to  be 
s u f f i c i e n t l y  h igh  to  prevent la rg e  lo s s e s  due to  (2 ) ,  and we 
are l e f t  w ith  (1) and (3 ) .  With the p resen t  type of magnet 
co n stru ctio n , i t  i s  im possib le  to  avoid cross f lu x  a t  h igh  
e x c i t a t io n s  fo r  the fo l lo w in g  reason . The main p o le s  are  
constructed  from packets of seven lam in ation s p laced  back to  
back as shown in  diagram 21a. At f u l l  e x c i t a t io n  the average  
f lu x  d e n s ity  in  the pole  lam in ation s a t  XX ( f ig u re  21b) 
ci 19600 gauss. The f lu x ,  in  en ter in g  the return  p a th s , must 
turn through a r ig h t  angle and en ter  a c r o s s - s e c t io n  which (e .g .  
at YY) i s  only  a few per cent g rea ter  than that at XX. The 
to t a l  f lu x  le a v in g  lam ination  1  i s  much l e s s  than th a t  le a v in g  
lam ination 7 , but each has the same area of con tact w ith  the  
return path. Hence there must be some cross f lu x  which at  
high e x c i t a t io n  must take p lace  in  the main p o le s  and cause  
f lu x  to flow from the narrow pole  lam inations to  the wider  
ones ( i . e .  from 1  towards 7 ) .  This must r e s u l t  in  a d d it io n a l
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eddy l o s s e s  at h igh  e x c i t a t io n s  and though the magnitude w i l l  
depend on the rate  of change of f lu x ,  i t  i s  a l i k e l y  source of  
the excess l o s s e s .
4 . CONCLUSIONS.
1. The experiments show that c o i l  v o l ta g e ,  c ir c u la t in g  
current and power, and magnet inductan ce , a l l  compare
 ^ very favourably  w ith  th ose  obtained in  the d esign  
c a lc u la t io n s  in Chapter I .
2 .  The estim ated  l o s s e s , though s l i g h t l y  lower than the  
measured l o s s e s ,  are not s e r io u s ly  in er ro r . This 
su ggests  that the method of magnet con stru ction  i s  
reasonably  sound.
3. C a lcu la t ion s  on the s tr a y  lo s s e s  in  the e x c i t in g  c o i l s  
show th ese  to  be n e g l ig i b l e  and th a t  stranding  of the  
wire i s  q u ite  adequate.
4. The most l i k e l y  source o f  the s t r a y  lo s s e s  would 
appear to be cross f lu x  in  the sh ee t  s t e e l  la m in a tio n s .
—68-
chapter IV.
mCNETIC FIELD I^ /lEASURELMTS Am CHARACTERISTICS.
SUMMARY.
The magnetic f i e l d  mast s a t i s f y  s e v e r a l  con d ition s  
fo r  the machine to  operate s a t i s f a c t o r i l y .  Apparatus and 
experiments are d escr ib ed  to  determine how w e l l  these, con d ition s  
are met in  the R.C.H. Magnet. The tech n iq u e , i f  not the 
method, for  phase measurements i s  o r ig in a l  and i s  g iven  in  
some d e t a i l ,  to g eth er  w ith  experim ental r e s u l t s  on the 
adjustment of f i e l d  phase. A method of determ ining at  
various parts of the cy c le  i s  a ls o  d escr ib ed , which does not 
appear to  have been used by other workers.
1 . GENERAL.
For the s u c c e s s fu l  operation  o f betatron  or b etatron  
s ta r te d  synchrotrons, there are se v e r a l  w e l l  known con d ition s  
to be s a t i s f i e d  by the magnet f i e l d .
These a r e : -
i .  The peak gu id ing  f i e l d  in t e n s i t y  must be s u f f i c i e n t  
to  s a t i s f y = 3 0 0
i i .  The azimuthal v a r ia t io n  o f the gu id ing  f i e l d  around 
the o r b it  must be sm all both in  magnitude and phase,
i i i .  For the production o f s u i t a b le  fo c u ss in g  fo r c e s  the 
f i e l d s  must vary w ith  radius according to
. *w
4 % " ^ where o .c <  1 .
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i v .  The r e la t io n  % = 2 must be s a t i s f i e d
during b eta tron  a c c e le r a t io n .  ^  Is  the t o t a l  f lu x  
threading the o r b i t .
I t  i s  always n e c e ssa r y  to  carry out exp er im en ts , and 
o fte n  adjustm ents , on the completed magnet to  ensure th a t  th ese  
requirements are met. D e ta i le d  co n s id e r a tio n  o f  each co n d it io n  
f o l lo w s .
2 .  ORBIT FIELD INTENSITY AS A FUNCTION 
OF MAGNET EXCITATION.
A bsolute c a l ib r a t io n s  o f  the gu id ing  f i e l d  can be 
obtained e i th e r  b y :-
i .  Threshold measurements o f  known photonuclear r e a c t io n s ,
i i .  Search c o i l  methods.
Threshold measurements can on ly  be c a r r ie d  out on a f u l l  
working machine g iv in g  X-ray ou tput. Search c o i l  measurements 
can be fu r th er  subdivided  i n t o : -
(a) D.C. Measurements: The magnet i s  e x c i t e d  from a 
heavy current D.C. so u rc e , and the change in  f lu x  
through a s u i t a b le  search  c o i l ,  when the D.C. i s  
r e v e r se d , i s  measured by f lu x  m eter.
(b) A.C. Measurements: The magnet i s  e x c i t e d  from an
A.C. so u rc e , and the v o lta g e  induced in  a search  
c o i l  measured e i t h e r  b efore  or a f t e r  in t e g r a t io n .
The l a t t e r  i s  n ecessa r y  fo r  h igh  accuracy in  a 
machine where the b eta tron  core d i s t o r t s  the waveform.
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The d esign  of the in te g r a to r  re q u ir es  ca r e fu l  
con sid era tion -^ ^
In the 30 MeV. machine, the author, u s in g  ( i i b )  sim ply measured 
the v o lta g e  induced in  a search  c o i l  o f  known area turns and
a p p lied  the w e l l  known formula
\l = 4-F ^  A N K v o l t s ,  to  determine
Some care i s  n ecessa ry  in  the search  c o i l  co n stru ct io n  and in  
the method o f mounting. The c o i l  was wound on a rec ta n g u la r  
p axo lin  former about i" x s e c t io n  to  a depth of about ÿ * , 
w ith  very f in e  enam elled copper w ir e .  I t s  area turns were 
obtained by c a l ib r a t io n  in  a standard so le n o id  and had a value
of 378 sq.cm. tu rn s . I t  was mounted on a movable r a d ia l  probe
w ith  i t s  lon ger  s id e  ta n g e n t ia l  to  the o r b it  and i t s  a x is  
p a r a l l e l  to  the a x is  o f  the machine. The r a d ia l  probe was 
i t s e l f  mounted on an annular p a x o lin  d i s c  which could be 
ro ta ted  c o n c e n tr ic a l ly  w ith  the machine a x i s .  In a d d it io n  to  
determ ining the magnitude o f the f i e l d ,  comparative measurements 
were obtained a t d i f f e r e n t  azim uthal p o s i t io n s  round the o r b it  
and fo r  t h i s  purpose, the n u l l  reading p o ten tiom eter  c i r c u i t  
in  f ig u r e  22 was u sed . The o r b it  f i e l d  i n t e n s i t y  as a fu n c t io n  
of magnet e x c i t a t io n  i s  shown in  f ig u r e  14 , Chapter I I I .  
Comparative measurements showed th a t w ith ou t any c o r r e c t io n ,  
the peak f i e l d  had an o v e r a l l  azim uthal v a r ia t io n  of l e s s  
than 1%»
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3 . AZIMUTHAL VARIATION IN MGNITUDE AND PHASE.
(a) A v a ila b le  techn iques f o r  measurement.
V a r ia t io n s  in  magnitude and phase a r i s e  from the
e f f e c t s  o f  eddy c u rr e n ts ,  non-un iform ity  o f  m agnetic p r o p e r t ie s
o f  the ir o n ,  e t c . ,  and r e s u l t  in  an azim uthal v a r ia t io n  o f  the
o r b it  f i e l d  at any in s t a n t .  This v a r ia t io n  may n o t  be con stan t
w ith  t im e . The e f f e c t  o f  such v a r ia t io n s  i s  to  impose an ex tra
fo rce  on the p a r t i c l e s  g iv in g  fo rced  o s c i l l a t i o n s .  Such
25o s c i l l a t i o n s  have been s tu d ie d  by Bohm and P oldy , and 
7Goward • I t  i s  obvious that in hom ogeneities  w i l l  be most 
se r io u s  a t  low o r b it  f i e l d s  ( i . e .  about in j e c t io n  t im e) because  
they w i l l  then form a g r e a te r  percentage of the t o t a l  f i e l d  
than l a t e r .  I n je c t io n  in  the 30 MeV. machine takes p lace  
w ith in  about 0  -  3 0 ^ s e c s .  a f t e r  f i e l d  zero corresponding to  
a f i e l d  of 0  -  60 g a u ss , and i t  i s  t h i s  period  which re q u ir e s  
in v e s t ig a t io n .  The v a r ia t io n  can be expressed  as the d i f f e r e n c e  
in  time between the f i e l d  reach ing  a g iv e n  value at two p o in ts  
d isp la c e d  a z im u th a lly .  I f  the r a te  o f  v a r ia t io n  o f the f i e l d  
w ith  time i s  known, the d i f f e r e n c e  in  f i e l d  i n t e n s i t y  fo l lo w s  
at once. The reason fo r  regard ing  the problem in  t h i s  way i s  
because i t  i s  e a s ie r  to measure d i f f e r e n c e s  in  time than sm all 
d if f e r e n c e s  in  low f i e l d s  at a g iven  in s t a n t .  F req u en tly , the 
v a r ia t io n  o f  the inhom ogeneity w ith  time i s  not great, and i t  
i s  o ften  s u f f i c i e n t  to  determine the time d i f f e r e n c e  between  
the o r b it  f i e l d  p a ss in g  through zero  a t  various azimuthal
p o s i t io n s .  Severa l methods are a v a i la b le  as f o l l o w s : -
—V2 —
26( i )  Peaking s t r ip s  .
13( i i )  C ollim ated  e le c tr o n  gun w ith  Faraday Cup .
( i i i )  Measurement o f  the phase d isp lacem ent between
27v o lta g e s  induced in  sm all search  c o i l s
(b) The use o f  peaking s t r i p s .
The author chose to  use  "peaking s tr ip s"  fo r  th ese  
measurements, and though the method was not o r i g i n a l , .h e  spent  
some time in  d eve lop in g  the technique to  produce as good 
r e s u l t s  as p o s s ib le .  B r i e f l y ,  the peaking s t r ip s  c o n s is t  o f  
a very sm all search  c o i l  wound over a s t r i p  o f  mumetal, a 
very h igh  p erm ea b ility  m a te r ia l .  When such an arrangement i s  
placed  in  the magnet f i e l d ,  a sh ort  v o lta g e  p u lse  i s  produced  
as the f i e l d  p asses  through zero and the mumetal changes i t s  
d ir e c t io n  o f  s a tu r a t io n .  For the ra te  o f  change o f  f i e l d  
normally met in  a c c e le r a t o r s ,  the p u lse  occup ies only  a few  
m icro-secon d s, and by measuring the time d i f f e r e n c e  between  
two p u lses  from peaking s t r ip s  in  d i f f e r e n t  parts of the f i e l d ,  
the d i f fe r e n c e  in f i e l d  i n t e n s i t y  can be found. By having a 
second winding over the s t r i p  i t  i s  p o s s ib le  to  apply D.C. b ia s  
and thus to  vary the time a t which the e f f e c t i v e  f i e l d  i s  zero .  
By t h i s  means, v a r ia t io n s  in  i n t e n s i t y  a t  va r io u s  tim es a f t e r  
zero may be in v e s t ig a t e d .
The accuracy o f measurement depends on the determ ina­
t io n  o f the time d i f f e r e n c e  between two p u ls e s .  S ig n i f i c a n t
d i f f e r e n c e s  may be as low as 1 / 5  u s e e . , w h i l s t  p u ls e s  them selves
28may be 9 -  10 ju sec . in  d u r a tio n . In a d d it io n ,  u n le s s  g rea t
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care i s  taken in  the co n str u c t io n  o f the peaking s t r i p s ,  the 
p u ls e s ,  which have no sharp peaks, may have d i f f e r e n t  d urations  
and m agnitudes. A l l  th ese  fa c to r s  a f f e c t  the accuracy of  
measurement and a l l  need ca r e fu l a t t e n t io n .
(c )  Peaking s t r i p  c o n s tr u c t io n .
The main e s s e n t i a l  i s  to  use a m agnetic m a te r ia l  
w ith  h igh  p erm ea b ili ty  which sa tu r a te s  a t low m agnetis ing  
f i e l d s .  Permalloy or mumetal are both s u i t a b l e .  For the  
experim ents, rec ta n g u la r  s t r i p s  o f  mumetal were u sed . These 
need to  be as th in  as p o s s ib le  to  avoid  eddy current e f f e c t s .
By co n s id era tio n  o f the dem agnetis ing  fo rce  caused by the  fr e e  
p oles  induced a t the ends o f  the s t r i p ,  assuming the demagnet­
i s in g  c o e f f i c i e n t s  fo r  rec ta n g u la r  iron  s i l i c o n  s t r ip s  obtained
29exp er im en ta lly  by Sondheimer are v a l id ,  i t  would seem t h a t ,  
fo r  a s t r i p  o f  which the le n g th  to  width i s  1 0 0 / 1 , the a p p lied  
f i e l d  to  produce sa tu r a t io n  i s  in  the order o f  2  -  3  gau ss .
I f  there were no fr e e  p o le s  then the a p p lied  f i e l d  would need 
only to  be o f  the order o f 0 .1  g a u ss .  Further in cr ea se  in  the  
r a t io  le n g th /w id th  does not improve m atters much. This means 
t h a t ,  ignoring  the e f f e c t s  o f  eddy cu rr en ts ,  work hardening, 
e t c . ,  i t  i s  im possib le  to  ob ta in  a p u lse  o f d uration  sh o r ter  
than about 1-| -  2 ^ s e c s .  fo r  a f i e l d  changing, as in the 30 MeV 
machine, a t 3 g au ssy^ sec . The peaking s t r i p s  a c t u a l ly  used  
exp er im en ta lly  were about 2  cms. lo n g ,  0 . 0 0 1 " th ic k  (standard  
th ic k n ess )  and about 0 .0 2  cms. w id e. A fter  c u t t in g  th ey  were
annealed to  remove work hardening e f f e c t s  and then in s e r te d
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in s ld e  a p iec e  o f very th in  c a p i l l i a r y  g la s s  tu b in g  on which  
was wound a sea rch  c o i l  o f  100 turns o f  48 s .w .g .  enam elled  
copper w ir e .  The turns were l im i t e d  to  keep c a p a c ity  e f f e c t s  
down. In t h i s  way p u ls e s  were ob ta ined  2 - 3  y is e c .  o n ly  in  
d u r a t io n , w ith  a peak v o l ta g e  o f  a f r a c t io n  o f  a v o l t .  The 
p ulse  needs a m p l i f ic a t io n  b efore  i t  can be u sed  fo r  measurement.
(d) Experim ental te c h n iq u e .
The exp er im en ta l technique adopted appears to  d i f f e r  
from the methods p u b lish ed  by o ther  w orkers. I t  may be 
fo l lo w e d  by r e fe r e n c e  to  f ig u r e s  23 and 24 .
Diagrams 23a and b show p u ls e s  ob ta in ed  from two 
peaking s t r i p s  in  the magnet gap. One o f  the s t r i p s  i s  f ix e d  
a z im u th a lly  w h i l s t  the o th er  i s  mounted on the movable probe 
u n it  u sed  f o r  o r b i t  f i e l d  s t r e n g th  measurements. The p u ls e s  
occur tw ice per c y c le  a t  every  f i e l d  z e r o ,  and are rep resen ted  
in  the d eveloped  diagrams by sh ort  v e r t i c a l  l i n e s .  These  
pu lses  are fe d  in t o  the e l e c t r o n i c  m ixing u n i t  shown in  f ig u r e  
24 , c o n s i s t in g  o f  two EP-50*s w ith  a common anode lo a d  and 
suppressor  g r id s  c o n tr o l le d  by a 25 c y c le  m u l t i - v ib r a t o r .  The 
m u lt i -v ib r a to r  c o n tr o ls  the p er io d  o f  c o n d u c t iv i ty  o f  the  
mixing v a lv e s ,  and the chain  l i n e s  in  23a and b are drawn to
show how each v a lv e  i s  sw itch ed  in  turn . Where the chain  l i n e
i s  above the h o r iz o n ta l  a x i s ,  the v a lv e  i s  con d u ctin g , and 
where i t  i s  below , the v a lv e  i s  n o n -co n d u ctin g . In t h i s  way
p u lses  from each s t r i p  are made to  appear a l t e r n a t e l y  a c r o ss
the anode load  o f  the mixer and are d e p ic te d  in  f ig u r e  2 3 c .
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These p u ls e s  are  f e d  t o  a s u i t a b l e  h ig h  fr e q u e n c y  a m p l i f i e r  
w h ich , in  a d d i t i o n ,  removes th e  25 c y c le  m u l t i - v i b r a t o r  
waveform . The ou tp ut from the  a m p l i f i e r  i s  f e d  to  the Y 
p l a t e s  o f  a h ig h  sp eed  C .R .O .,  w h ich  i s  t r ig g e r e d  once per  
c y c le  j u s t  b e fo r e  th e p u ls e s  a p p ea r . The tim e base p e r io d  
f a l l s  w i t h in  th e  ch a in  l i n e s  in  f i g u r e  2 3 c .  F ig u re  23d shows 
a t y p i c a l  p ic t u r e  se e n  on the G.R.O. s c r e e n .  W ith a tim e  
base sp eed  o f  1 0  mm/jiseo* i t  i s  s im p le  t o  read t o  the n e a r e s t  
0 .5  mm. and thus to  1 / 2 0 y i s e c .  At f u l l  e x c i t a t i o n ,  t h i s  
corresp on d s to  a f i e l d  v a r i a t i o n  o f  3 / 2 0  g a u s s .
For the  e a r l y  ex p er im en ts  the  m u l t i - v i b r a t o r ,  m ixer  
and a m p l i f i e r  shown in  f i g u r e  24 were b u i l t  as a s p e c i a l  u n i t ,  
b ut s in c e  t h a t  t im e ,  th e  au th or  has m o d if ie d  some o f  th e  
e l e c t r o n i c  c i r c u i t s  n o rm a lly  u se d  f o r  o p e r a t in g  th e  machine  
and th e  w hole sy stem  i s  now in c o r p o r a te d  in  th e  sy n ch ro tro n  
e l e c t r o n i c s  and can s im p ly  be sw itc h e d  in  f o r  f i e l d  t e s t s .
In c a r r y in g  out e x p e r im e n ts ,  r e a d in g s  are u s u a l l y  taken  e v e r y  
1 0  ^ round the o r b i t .
( e )  I n i t i a l  e x p e r im e n ts .
E a r ly  ex p er im en ts  showed t h a t ,  even w ith  c a r e f u l  
magnet a sse m b ly ,  out o f  phase f i e l d s  a t  th e  o r b i t  co u ld  rea ch  
a maximum v a r i a t i o n  o f  1 0  or 1 1  g a u ss  a t  f i e l d  zero  and a 
t y p i c a l  p l o t  i s  shown in  f i g u r e  2 5 a .  By a p p ly in g  D.C. b ia s  
to  e x tr a  w in d in g s  on th e  p eak in g  s t r i p s ,  v a r i a t i o n s  were  
measured a l s o  a t  i n j e c t i o n  t im e ,  but were found n o t t o  d i f f e r  
s i g n i f i c a n t l y  from th o s e  a t  f i e l d  z e r o .  Even w ith  40 kV.
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i n j e c t i o n ,  th e s e  v a r i a t i o n s  are o f  the order o f  2 0 ^ o f  the  
f i e l d  a t  i n j e c t i o n  and were c o n s id e r e d  t o  demand some form  
o f  f i e l d  a d ju s tm e n t .  Comparisons were made o f  the p u ls e  
v/id ths a t  v a r io u s  r a d i i  and a l s o  th e  f i e l d  p l o t s  a t  v a r io u s  
r a d i i  up to  a v a lu e  o f  17 cms. The rea so n  f o r  th e se  
exp er im en ts  i s  th a t  w i th  th e  vacuum chamber in  p o s i t i o n ,  i t  
i s  im p o s s ib le  t o  o b ta in  f i e l d  p l o t s  a t  r a d i i  l e s s  than 17 cms. 
From 10 -  17 cms. th e  p u ls e  w id th  in c r e a s e d  g r a d u a l ly  from  
2  jÀsecs» t o  4  jLisecs. and was t h e r e f o r e  s t i l l  q u i t e  u s a b le  a t  
the  o u te r  r a d iu s .  A t y p i c a l  p l o t  comparing f i e l d  phase a t  
10 and 17 cms. i s  shown in  f ig u r e  2 5 b . The v a r i a t i o n s  appear  
ro u g h ly  to  f o l lo w  the same c o n to u r ,  w i th  th e  o v e r a l l  v a r i a t i o n  
b e in g  s l i g h t l y  l e s s  a t  the  g r e a t e r  r a d iu s .  Other ex p er im en ts  
were made t o  v a ry  th e  gap betw een  r e tu r n  p ath s  and th e  main 
p o l e s .  R e s u l t s  in d i c a t e d  t h a t  a v a r i a t i o n  o f  ±  0 .005" in  
b o th  gaps o f  a r e tu r n  p a th  v a r ie d  th e  phase by ±  3 g a u s s ,  
and amply confirm ed  the n e c e s s i t y  o f  c a r e f u l  magnet 
c o n s t r u c t io n .
( f )  A djustm ent o f  f i e l d  p h a s e .
E xp erim ents  were c a r r ie d  o u t  on the ad ju stm ent o f  
f i e l d  phase by " c o r r e c t in g  c o i l s "  wound round the r e tu r n  p a th s  
and co n n ec ted  t o  v a r ia b le  r e s i s t o r s .  A s h o r t  c a l c u l a t i o n  
r e v e a l s  the m agnitude o f  the  e f f e c t  to  be e x p e c te d .  I f  the  
va lu e  o f  the r e s i s t o r  i s  s u f f i c i e n t l y  h ig h  t o  m a in ta in  th e  
cu rren t  in  th e  c o i l  in  phase w it h  the  induced e . m . f . ,  th en  the  
f lu x  due to  t h i s  cu rren t w i l l  be a p p r o x im a te ly  90^ ou t o f
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pnase w ith  the main f l u x  and w i l l  s h i f t  th e  phase by an
 ^ _ am p-turns in  c o r r e c t in g  c o i l
amount c> where tan D = — --------- :-------- :---------- 7 7 :-------- _am p-turns in  main e x c i t i n g  c o i l s
f o r  sm a ll  6  , tan  Ô -  Ô
We know t h a t  180^= 7T r a d ia n s  = l/ lO O  s e c .  
Hence f o r  a phase change o f  1 0 “  ^ s e c . .
V
6  = r a d ia n s .
T h er e fo re  the am p-turns in  the c o r r e c t in g  c o i l  f o r  
1  ^ s e c .  phase s h i f t
B V i o ^  X 160 X 280  
W h e r e  160A = max. r . m . s .  c u r r e n t  i n  t h e  e x c i t i n g
c o i l  o f  280 t u r n s .
Hence the  a m p -tu r n s /^ s e c .  s h i f t  1 4 .
The e f f e c t  o f  the  c o r r e c t in g  c o i l  c u rr en t  i s  t o  
produce a phase l a g .
For th e  p urposes o f  th e  e x p e r im en t ,  a c o i l  o f  30  
turns was wound on a r e tu r n  p a th  and con n ected  t o  an ammeter 
and v a r ia b le  r e s i s t a n c e .  The f i x e d  p ea k in g  s t r i p  was mounted  
a t  an a z im u th a l a n g le  1 8 0 °  from  t h i s  r e tu r n  p a th  t o  a v o id  
sp u r io u s  e f f e c t s  and phase measurements o b ta in e d ,  a t  i n t e r v a l s  
o f  1 0 ° a t  the  o r b i t  r a d iu s ,  by means o f  tne m ovable c o i l .
The e f f e c t  o f  v a r io u s  c u r r e n ts  through  the c o i l  i s  shown in  
f ig u r e  2 6 .  The s t r i k i n g  f e a t u r e s  a r e ,  f i r s t l y ,  t h a t  the  
m agnitude o f  th e  e f f e c t  i s  e x a c t l y  th a t  g iv e n  by c a l c u l a t i o n  
and s e c o n d ly ,  t h a t  the e f f e c t  ex ten d s  over  a c o n s id e r a b ly
o
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w ider az im u th a l r e g io n  than the  45^ m e c h a n ic a l ly  subtended
by each  re tu rn  p a th . I t  was a t  f i r s t  thou ght th a t  the an gu lar
e x t e n t  o f  the com pensation  may be to o  g r e a t  in  p r a c t ic e  and
a re tu r n  p a th  was d ism a n tled  and r e b u i l t  w ith  8 copper s t r i p s
in t e r le a v e d  between tne  la m in a tio n s  as shown in  f ig u r e  2 7 ,  so
th a t  c o r r e c t in g  ampere tu rn s  cou ld  be a p p l ie d  to  eq u a l areas
o f  about 1 / 3  th e  c r o s s - s e c t i o n  o f  the re tu r n  p a th . The
v o l ta g e  induced per turn in  1 /3  o f  the r e tu rn  path  i s  o n ly  
»
about 1 v o l t  and adequate amp-turns cou ld  o n ly  be o b ta in ed  
by s h o r t  c i r c u i t i n g  tne  turn  tnrough  an ammeter. The 
r e s i s t a n c e  o f  th e  c i r c u i t  i s  so  sm a ll  tn a t  th e  cu rren t  i s  no 
lo n g e r  in  phase w ith  the v o l t a g e  and the e f f e c t  on the  p h a s e /  
amp-turn i s  n e c e s s a r i l y  l e s s  than t h a t  p r e v io u s ly  c a l c u la t e d .  
F ig u re  28  snows the e f f e c t  (a )  o f  50 TT’s a p p l ie d  in  a s i n g l e  
turn round the  c e n tr a l  th ir d  o f  p a th ;  (b ) o f  100 3T»s a p p l ie d  
in  a s i n g l e  turn  in  one o f  the o u te r  th ir d s#  The a n g u la r  
e x t e n t  appears to  be about one h a l f  o f  th a t  f o r  th e  corresp on d in g  
curves in  f i g u r e  26#
A fu r th e r  r e d u c t io n  in  the an gu lar  d is tu r b a n c e  was 
o b ta in e d  by co n n e c t in g  the copper s t r i p s  as shown in  f i g u r e
2 9 . The fo u r  cen tre  s t r i p s  were con n ected  in  s e r i e s  through  
an ammeter v f h i l s t  the fo u r  o u te r s  were connected  in  s e r i e s ,  
but in  o p p o s i t io n  t o  th e  ce n tre  s t r i p s  by v i r t u e  o f  b e in g  
connected  to  a s i n g l e  turn round the  main p o le  o f  g r e a t e r  
v o l t a g e .  The r e s u l t  o f  t h i s  exper im ent i s  shown in  f i g u r e
30 , and i t  i s  se e n  th a t  by s u i t a b l e  ad justm ent i t  i s  p o s s ib l e  
to  reduce the az im u th a l d is tu r b a n c e  to  60^, but even t h i s  i s
6 t u r n s  
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g r e a t e r  than the a n g le  subtended  by th e  whole r e tu r n  p a th .
I t  i s  a l s o  to  be n o ted  th a t  curve (a )  -  (b) i s  v e r y  n e a r ly  
the same as the e x p e r im e n ta l  curve o b ta in e d  w it h  a l l  c o i l s  
p a s s in g  c u r r e n t .
The c o n c lu s io n s  t o  be reach ed  from th e  fo r e g o in g  
phase m easurements a r e : -
( i )  Some form  o f  phase c o r r e c t io n  i s  n e c e s s a r y .
( i i )  Phase c o r r e c t io n  can c o n v e n ie n t ly  be o b ta in e d  
by c u rr en t  c a r r y in g  c o i l s  around the r e tu r n  
p a t h s .
( i i i )  The sm a ll  ad vantage in  th e  r e d u c t io n  o f  a n g u la r  
d is tu r b a n c e  g a in ed  by c o i l s  wound round p a r t  
o f  the  r e tu r n  p a th s  i s  i n s u f f i c i e n t  to  w arrant  
t h e i r  u s e .
( i v )  By c o n n e c t in g  ea ch  c o r r e c t in g  c o i l  in  o p p o s i t io n  
to  a n o th er  c o i l  wound on one o f  the g u id in g  
p o le s  th rou gh  a v a r i a b le  t r a n s fo r m e r ,  as in  
f i g u r e  3 1 ,  i t  sh o u ld  be p o s s i b l e  to  a p p ly  
l e a d in g  or la g g in g  ampere t u r n s .
On the b a s i s  o f  t h e s e  c o n c l u s i o n s ,  th e  phase  
c o r r e c t in g  c i r c u i t  shown in  f i g u r e  32 has been c o n s tr u c te d  
and i s  a t  p r e s e n t  in  u s e .  C o r r e c t in g  cu rren t  can be a p p l ie d  
to  any fo u r  o f  the  e i g h t  c o r r e c t o r  c o i l s  a t  o n ce ,  each  
g iv in g  a maximum c o r r e c t io n  o f  ±  2 ^ s e c s ;  ( i . e .  ±  6 g a u ss )  
In p r a c t i c e ,  i t  i s  som etim es u n n e c e s s a r y  to  u se  even fo u r  
c o i l s ,  and by t h i s  m eans, i t  has been found p o s s i b l e  to
- 8 0 -
reduce th e  o v e r a l l  f i e l d  v a r i a t i o n  to  the order o f  3 g a u s s .  
T h is  appears to  be good enough f o r  s a t i s f a c t o r y  o p e r a t io n .
4 .  THE VARIATION OF MONET 10 FIELD WITH RADIUS
AND THE DETERMINATION OF
Over the f o c u s s in g  r e g io n  th e  f i e l d  i s  r e q u ir e d  to
f a l l  o f f  w ith  r a d iu s  a c c o r d in g  t o  th e  law = K R, ^  where
^  1 .  Measurements may be made w ith  th e  magnet e x c i t e d
e i t h e r  by D.C. or A .C . .  D.C. measurements en a b le  the e f f e c t
on o f  v a r y in g  the  e x c i t a t i o n  to  be r e a d i l y  d e te r m in e d .
T h is  may be im p ortan t b eca u se  o f  p r o g r e s s iv e  s a t u r a t i o n  o f
1 Qp a r ts  o f  th e  m a g n e tic  c i r c u i t ,  as i s  made c l e a r  by F ry .
A.C. m easurem ents, how ever, are the  more fundam ental b eca u se  
a c t u a l  o p e r a t in g  c o n d i t io n s  are more n e a r ly  s im u la t e d .  Only 
A.C. m easurements were c a r r ie d  out by the a u th o r .
I t  i s  c o n v e n ie n t  to  d eterm in e ’W* from the  
f i f / z A / d  \
r e l a t i o n  Tv = '^ ( .J k a T T )  * p r a c t i c e  m easurements were 
made a t  a number o f  r a d i i  s e p a r a te d  by f i n i t e  i n t e r v a l s  and 
’W* c a l c u l a t e d  from  th e  approxim ate e q u a l i t y  t v  ~  __
The measurement of. th e  v a r i a t i o n  o f  w ith  r a d iu s ,  w ith o u t  
hav in g  t o  c a l i b r a t e  the  w hole o f  th e  a p p a r a tu s ,  i s  most 
r e a d i l y  o b ta in e d  by comparing the  v o l t a g e  induced  in  a sm a ll  H 
se a r c h  c o i l  w ith  a r e f e r e n c e  v o l t a g e  from turns around one o f  
the g u id in g  p o l e s .  The r e l a t i v e  m agnitudes can be o b ta in ed  
by a s im p le  p o te n t io m e te r  c i r c u i t  em ploying  s ta n d a rd  decade  
r e s i s t a n c e  b o x e s .  The method o f  d e t e c t i n g  b a la n c e  i s  
im portant b eca u se  o f  (a )  the harm onic d i s t o r t i o n  caused
fo"
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by b e t a t r o n  core s a t u r a t i o n  and (b )  p r o g r e s s iv e  s a t u r a t i o n  
o f  p a r t s  o f  the m a g n e t ic  c i r c u i t ,  p a r t i c u l a r l y  p o le  t i p s ,  
w it h  in c r e a s i n g  e x c i t a t i o n .  The e a r l y  m easurem ents were  
o b ta in e d  w i t h  th e  b e t a tr o n  p o le s  removed and w it h  a v i b r a t i o n  
g a lv a n o m e te r  as  d e t e c t o r .  T h is  removed any o b j e c t i o n  due to  
( a ) ,  b u t n o t  ( b ) ,  b e c a u se  i t  was n o t  known a t  what i n s t a n t  in  
the c y c le  b a la n c e  was b e in g  e f f e c t e d .  A somewhat b e t t e r  
m eth od ^ is  t o  u se  a G.R.O. as  d e t e c t o r ,  b u t f i n a l l y  the b e s t  
r e s u l t s  were o b ta in e d  by u s i n g  a syn ch ron ou s commutator t o  
c l o s e  th e  p o te n t io m e t e r  c i r c u i t  f o r  a s h o r t  i n t e r v a l  d u r in g  
the  c y c l e  w i t h  a D .C. g a lv o  a s  d e t e c t o r .  By c o n s t r u c t in g  the  
commutator w i t h  r o t a t i n g  phosphor b ron ze  l e a f  b r u s h e s ,  th e  
p o s i t i o n  o f  th e  i n t e r v a l  on the  waveform  co u ld  be v a r ie d  and 
e a s i l y  o b ser v e d  on a C.R.O. The c i r c u i t  as f i n a l l y  u se d  i s  
shown in  f i g u r e  3 3 .
The H s e a r c h  c o i l  was wound on a p a x o l in  form er  
1 /1 6 "  X 1 /2"  s e c t i o n  t o  a d ep th  o f  ab out 0 . 5  cm. and c o n s i s t e d  
o f  100  turns o f  f i n e  e n a m e lle d  copper w ir e .  I t  was mounted  
on th e  m ovable probe u s e d  f o r  f i e l d  i n t e n s i t y  m easurem ents and 
co u ld  be moved r a d i a l l y  and a x i a l l y .  M easurem ents were  
n o rm a lly  made a t  r a d i a l  i n t e r v a l s  o f  0 . 5  cm. and a t  th r e e  
a z im u th a l p o s i t i o n s .  The a v er a g e  v a lu e  o f  "tv" o b ta in e d  i s  
c o n s id e r e d  a c c u r a te  t o  w i t h in  a b o u t 5%»
C o n s id e r in g  f i g u r e  3 3 ,  ^   (1 )
I f  th e  maximum v a r i a t i o n  o f  i s  I ?( I thenI K I
m iï i ï î i m i ü  Nii :::: :::: xH-» H i *•»* «•mmk
E
O r b i t  r a d i u s  — cms
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— c o n s ta n t  and X K    ( 2  )
L e t  be the  v a lu e  o f  r e s i s t a n c e  f o r  b a la n c e  a t  , 
and Xj[ a t  , where = AR and i s  th e
i n t e r v a l  betw een  s u c c e s s i v e  r e a d in g s .
Then A
and (midway betw een  d,  and d, ) = )
Hence A
f
and ^  = X j -X »  . A  =  C X i- l t jV l? , / - O   <51
F ig u re  34 shows th e  v a lu e  o f  "ru* a lo n g  the median p la n e  as a
f u n c t io n  o f  r a d iu s  f o r  the R .C .H . sy n c h r o tr o n  p r o f i l e  as
o b ta in e d  by v a r io u s  m eans. The curve A shows th e  r e s u l t s  o f
e l e c t r o l y t i c  tank  m easurem ents by A .E .R .E . ,  curve B has been
o b ta in e d  by r e l a x a t i o n  methods as d i s c u s s e d  in  a p r e v io u s
c h a p te r ,  w h i l s t  curve C was o b ta in e d  from  e a r l y  m easurem ents
u s in g  a c i r c u i t  s i m i l a r  t o  t h a t  in  f i g u r e  3 3 , but w ith o u t  th e
commutator and w i t h  a v ib r a t i o n  g a lv o  as  d e t e c t o r .  The
m easurements were taken  w ith o u t  the b e t a tr o n  c o r e s  in  p o s i t i o n
and each  p o in t  i s  th e  mean o f  15  r e a d in g s .  Other measurements
w ith  th e  b e ta tr o n  c o r e s  in  p o s i t i o n  showed no s i g n i f i c a n t
d i f f e r e n c e .  Curve D i s  a p l o t  o f  A .E .R .E . ,  A.C. m a g n e tic
m easurements a t  a s i m i l a r  e x c i t a t i o n  l e v e l  as p u b l is h e d  by 
19F ry . U n f o r t u n a t e ly  no measurements were made on t h i s  
p r o f i l e  w i t h  th e  commutator c i r c u i t .  There i s  an o b v iou s
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d isc r e p a n c y  between curves A and B, and between th e se  two 
and the m agnetic  m easurem ents. I t  i s  d i f f i c u l t  to  compare 
C and D b ecause th ey  were made on d i f f e r e n t  magnets and a l s o  
A .E .R .E . do not d e s c r ib e  the way in  which the measurements 
were made. I t  i s  to  be n o te d , however, th a t  b oth  A.C. 
measurements y i e l d  a h ig h e r  than e i t h e r  tank or r e la x a t io n  
a t  r a d i i  10 cms. T h is may be due to  some s a t u r a t io n
o cc u r in g  in  the  p o le  o u te r  t i p .
F igu re  35 shows the v a lu e  o f  a lon g  the median 
p lane and a t  a x i a l  d isp la c e m e n ts  o f  1 .0  and 1 . 5  cm .,  
r e s p e c t i v e l y ,  ob ta in ed  from A.C. m agnetic  measurements w ith o u t  
commutator and w ith o u t  b e ta tr o n  cores  a t an e x c i t a t i o n  o f  
about 5000 g a u s s .  Once a ga in  i n s e r t i o n  o f  th e  b e ta tr o n  cores  
produced no s i g n i f i c a n t  changes. The curves in d ic a t e  the  
n o n -co n sta n c y  o f  in  the s t a b le  a r e a .  T h is i s  p a r t i c u l a r l y  
e v id e n t  a t  la r g e  a x i a l  d is p la c e m e n t s . There i s  a p p a r e n tly  
r a d ia l  i n s t a b i l i t y  round about the o r b it  ra d iu s  f o r  ^  = 1 . 5  cm ., 
but th e r e  i s  a s t a b le  r e g io n  e x te n d in g  to  a t  l e a s t  ^  2 cms. 
on e i t h e r  s id e  o f  and -  1  cm. a x i a l l y .
Many measurements w ith  th e  commutator were made on 
the m o d if ied  p r o f i l e  d e s c r ib e d  in  0 h apter  1 , both  on the median 
p lane and a t  v a r io u s  a x i a l  d is p la c e m e n ts .  F igu re  36 shows th e  
v a lu e  o f  "ill’ a t  v a r io u s  a x i a l  d isp la c e m e n ts  f o r  an e x c i t a t i o n  
of  about 7000 g a u s s ,  w i t h  the b e ta tr o n  cores  in  p o s i t i o n ,  and . 
the commutator a d ju s te d  to  g iv e  ba lance b e fo re  th e y  s a t u r a t e .  
This diagram should  be s tu d ie d  in  co n ju n ct io n  w ith  f ig u r e  6
r-asi'
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o f  Chapter I .  Curves o b ta in e d  f o r  d i f f e r e n t  s e t t i n g s  o f  the  
commutator c o r re sp o n d in g  t o  d i f f e r e n t  p a r ts  o f  th e  c y c le  were  
p r a c t i c a l l y  i d e n t i c a l  w i t h  th o s e  shown in  f i g u r e  3 6 .  Comparison  
o f  th e  cu rves in  f i g u r e  36 w ith  th o s e  in  f i g u r e  35 shows t h a t  
w h i l s t  the r a d i a l  v a r i a t i o n  o f  i s  somewhat g r e a t e r  f o r
th e  m o d if ie d  p r o f i l e  than  f o r  the R.C.H. p r o f i l e ,  th e  a rea  o f
s t a b i l i t y  i s  r o u g h ly  the same. The form er has th e  ad van tage
o f  b e in g  cap ab le  o f  r e a c h in g  an a p p r e c ia b ly  h ig h e r  maximum 
e n e r g y .
The g e n e r a l  c o n c lu s io n s  from a l l  th e s e  ex p er im en ts
are
( i )  I t  appears n e c e s s a r y  t o  make m a g n e t ic
m easurem ents o f  "•ni* on ea ch  i n d i v id u a l  m agnet.
( i i )  R e la x a t io n  i s  th e  b e s t  d e s ig n  method to  em ploy
when th e r e  i s  no s a t u r a t i o n  o f  any p a r t  o f  th e
p o le  p r o f i l e .
( i i i )  In  ord er  to  make b e s t  u se  o f  the area  o f
s t a b i l i t y  in  e i t h e r  th e  u n m o d if ie d  or m o d if ie d  
p r o f i l e s ,  th e r e  sh ou ld  be no o b s t r u c t i o n  w i t h in  
an a re a  bounded by ft* = 8 - 1 2  cm ., or ^ = ± 1  cm.
5 .  TEE BETATRON FLUX COEDITION.
D uring b e t a tr o n  a c c e l e r a t i o n  the  c o n d it io n
must be s a t i s f i e d .  The f l u x  through  th e  
b e t a tr o n  c o r e s  r e q u ir e s  t o  be a d ju s t e d  a c c o r d in g ly .  T h is  may
be a c h ie v e d  by v a r y in g  th e  s e p a r a t io n  betw een  them. The
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■ p o s it io n  o f  th e  e q u i l ib r iu m  o r b i t  f o r  any s e p a r a t io n  can be 
d eterm in ed  by f i n d i n g  th e  r a d iu s  a t  w hich  the t a n g e n t i a l
4
e l e c t r i c  f i e l d  s t r e n g t h  i s  a minimum, and i s  the method
30 19
a d op ted  by K e r s t  and Pry . I t  can a l s o  be d e term in ed  by 
m easu rin g  th e  r a t i o  o f  v o l t a g e s  in d u ced  in  s i n g l e  tu rn s  o f  
w ire  c o n c e n t r ic  w i t h  th e  o r b i t  and o f  v a r io u s  r a d i i ,  and
comparing t h e s e  w i t h  v a lu e s  c a l c u la t e d  a c c o r d in g  to  the "vU*
\ ■
law# The ex p er im en ts  d e s c r ib e d  are  b ased  on t  h i s  method#
V
From ^  TT Wg, ,  i t  f o l l o w s  t h a t  f o r an
u n b ia s s e d  machine = d n .
Supposing  th e r e  i s  a c o n c e n t r ic  tu rn  w ith  r a d iu s
Then &  = $  + I HcLK
6  4
X
For th e  e x p e r im e n ts ,  s i n g l e  tu r n s  o f  w ir e  were wound in
(4 )
The v o l t a g e  r a t i o s  are  p r o p o r t io n a l  t o  the e n c lo s e d  f l u x  
and hence
Y # .  = / > - L  , ?   ( 5 )
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c o n c e n t r i c ,  a c c u r a t e ly  machined g ro o v es  in  a p a x o l in  annulus  
w ith  r a d i i  o f  9 ,  1 0 ,  11 and 12 c m s .,  r e s p e c t i v e l y .  The end 
c o n n e c t io n s  to  each  turn were c a r e f u l l y  t w i s t e d  so  th a t  the  
e r r o r  due to  t h e i r  e n c l o s in g  m a g n e t ic  f l u x  was n e g l i g i b l e .
The annulus was th en  mounted in  the magnet gap so  th a t  the  
p la n e  o f  the c o i l s  c o in c id e d  w it h  th e  median p la n e .  The 
c i r c u i t  shown in  f i g u r e  37 was th e n  u se d  to  determ in e th e  
r a t i o  > the  commutator h a v in g  been a d ju s t e d  to  e f f e c t
b a la n c e  a t  a p p r o x im a te ly  f i e l d  z e r o .  The two p o te n t io m e te r  
r e s i s t a n c e s  were S u l l i v a n  fo u r  d i a l  decade b o x e s .
Prom e q u a t io n  ( 5 ) ,  assum ing average v a lu e  o f  
from curve C, f i g u r e  3 4 , i s  e a s i l y  c a l c u la t e d  and
v a lu e s  f o r  th e  v a r io u s  c o i l s  are  g iv e n  b e lo w .
A verage "fb" R a t io
from curve C. v a l u e .
0 # 6 8  1 .1 0 1 5V t
Vyÿu 0 , 6 8  1 .2 0 6 8
0 .6 5  1 .1 0 9 0
E x p er im en ta l v a lu e s  o f  v o l t a g e  r a t i o  f o r  a number o f  b e ta tr o n  
core gaps are g iv e n  in  f i g u r e  3 8 ,  t o g e t h e r  w ith  t h e  e s t im a te d  
s e p a r a t io n s  g i v i n g  v o l t a g e  r a t i o s  a c c o r d in g  to  the p r e v io u s  
t a b l e .  The c o r r e c t  gap s e t t i n g  appears to  be about 0 .330" ±
0 .0 1 0 " .  Thus th e  p r a c t i c a l  gap , as e x p e c te d ,  i s  c o n s id e r a b ly  
g r e a t e r  than th e  c a l c u l a t e d  v a lu e  o f  0 .15" g iv e n  in  C hapter I, 
In p r a c t i c e ,  i t  has been  found b e s t  t o  f i n a l l y  a d j u s t  the  
b e t a tr o n  core  s e p a r a t io n  on the  w orking machine u n t i l  th e
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optiimim X -ray  ou tp ut i s  o b ta in e d .  For the b e ta tr o n  co res  on 
w hich  th e se  v o l t a g e  r a t i o  t e s t s  were made, th e  s e p a r a t io n  
g i v i n g  maximum X -ra y  ou tp u t was 0 .3 1 7 " ,  and i n d i c a t e s  t h a t  
the  p o te n t io m e te r  method can be u s e d  w it h  c o n f id e n c e .
6 . CONCLUSIONS.
C o n c lu s io n s  reach ed  from the ex p er im en ts  on f i e l d
phase and ">v" are l i s t e d  a t  th e  end o f  th ose  s e c t i o n s ,  but
V -
th e r e  remain a few o th e r s  o f  more g e n e r a l  c h a r a c te r .
1 .  The ap paratus and ex p er im e n ta l  tech n iq u e  ad opted  
appear to  be q u i t e  adequate f o r  t e s t i n g ,  w ith  
s u f f i c i e n t  a c c u r a c y ,  m agnets s i m i l a r  t o  th a t  
i n s t a l l e d  a t  the  Royal Cancer H o s p i t a l .
2 .  T h is  magnet i s  s a t i s f a c t o r y  in  t h a t  the  r e q u ir e d
4
peak f i e l d  o f  1 0  gau ss  i s  o b ta in a b le  and a l s o  
th e r e  are f o c u s s in g  f o r c e s  in  th e  r e q u ir e d  r e g io n .
The p r a c t i c a l  v a lu e  o f  , i s  n o t  q u i t e  the  same 
as t h a t  o b ta in e d  by the d e s ig n  m eth od s, nor are  
the  v a lu e s  g iv e n  by two m agnets o f  th e  same p r o f i l e  
i d e n t i c a l .  ^
3 .  The phase v a r i a t i o n  in  th e  magnet i s  not v e r y  
s a t i s f a c t o r y  and some form o f  phase c o r r e c t io n  i s  
r e q u ir e d .  The r e s u l t s  i n d i c a t e  t h a t  more c a r e f u l  
m ech a n ica l c o n s t r u c t io n  i s  d e s i r a b l e .
4 .  The b e ta tr o n  f l u x  c o n d it io n  can be r e a d i l y  d eterm in ed  
and the  b e ta tr o n  p o le s  e a s i l y  a d ju s te d  to  s a t i s f y  
th e  f l u x  e q u a t io n .
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CHAPTER V.
VACUUM, INJECTION, R .F . AND DISPLAY SYSTEMS.
SUMimRY.
A lthou gh  d i f f e r i n g ,  p erh a p s , in  sm a ll  d e t a i l s ,  th e  
equipment a t  th e  Royal Cancer H o s p ita l  i s  e s s e n t i a l l y  s im i la r  
to  th a t  d e s ig n e d  and in  u se  a t  A .E .R .E . ,  w nich  i s  d i s c u s s e d
f u l l y  in  the papers o f  Pry^^ and Goward^^. For t h i s  r e a so n ,
V
o n ly  a r e l a t i v e l y  b r i e f  d e s c r i p t i o n  o f  i t  i s  g iv e n  in  t h i s  
c h a p te r ,  t o g e th e r  w ith  th e  minimum in fo r m a tio n  needed f o r  an 
a p p r e c ia t io n  o f  the o p e r a t io n  o f  the m achine.
1 .  VACUUM CHAMBER AND PUMPING SYSTEM,
A photograph o f  a vacuum chamber i s  shown in  f i g u r e  39, 
I t  i s  blown in  one p ie c e  and i s  o f  b o r o s i l i c a t e  g l a s s .  There  
are fo u r  r a d ia l  s id e  arms, term in a ted  in  ground g l a s s  f l a n g e s ,  
f o r  the i n j e c t o r ,  r e s o n a t o r ,  t a r g e t  and pumping, r e s p e c t i v e l y .  
Vacuum s e a l s  to  the chamber are n orm ally  made w ith  A piezon  
W 40 wax and are w ater  c o o le d .  C o o lin g  i s  n e c e s s a r y  b ecau se  
the s e a l s  w hich  are m eta l to  g l a s s ,  are in  a s t r o n g  m a g n etic  
le a k a g e  f i e l d .  The in n e r  w a l l  i s  made con d u ctin g  to  p rev en t  
charge b u i ld - u p ,  by a t h in  f i l m  o f  p la t in u m , o f  r e s i s t a n c e  
a p p ro x im a te ly  5 0 -rx a c r o s s  a d ia m e te r .  R ecent exp er im en ts  
a t  Cambridge s u g g e s t  th a t  r e s i s t a n c e s  l e s s  than 50 JL may le a d  
to  in c r e a s e d  X -ray  ou tp ut and c o a t in g s  o f  o n ly  10 are now 
in  u se  t h e r e . Dr. L a u g h lin ,  o f  I l l i n o i s ,  in  p r iv a t e  
com m unication, a l s o  in d ic a t e d  th a t  in  th e  22 MeV. b e ta tr o n
Ti
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th e  output had in c r e a se d  w ith  d e c r e a s in g  c o a t in g  r e s i s t a n c e .  
E xp er ien ce  has shown th a t  the c o a t in g  tends to  break down, 
i f  anywhere, in  areas  near the s id e  arms, and i t  i s  now 
r e in fo r c e d  by combs o f  s i l v e r  p a in te d  on the w a l l s ,  c l e a r l y  
shown in  f ig u r e  39 . The combs are connected  to  s i l v e r  s t r i p s  
p a in te d  on th e  s id e  arms and e l e c t r i c a l  co n n e c t io n  i s  made to  
th e se  by sp r in g  b a l l  c o n t a c t s ,  a t ta c h e d  to  e i t h e r  the t a r g e t  
or r e s o n a to r  m e t a l l i c  su p p o r ts .  In order t o  f a c i l i t a t e  s t u d ie s  
o f  the in s ta n ta n e o u s  c o a t in g  c u r r e n t ,  e l e c t r i c a l  c o n n e c t io n  to  
the c o a t in g  has r e c e n t l y  been brought out to  an in s u la te d  
term in a l in  the r e so n a to r  f l a n g e .  The l i f e  o f  vacuum chambers 
as l im i t e d  by breakdown o f  the  in t e r n a l  c o a t in g ,  i s  unknown, 
but one su ch  chamber was working v e r y  s a t i s f a c t o r i l y  a t  th e  
Royal Cancer H o sp ita l  a f t e r  1000 hours o f  u s e ,  a f t e r  w hich  tim e  
i t  had to  be removed f o r  o th er  r e a s o n s .  This chamber has  
been s e c t io n e d  ready f o r  ex a m in a tio n , w h ich , i t  i s  hoped, w i l l  
y i e l d  i n t e r e s t i n g  in fo r m a t io n .
The pumping system  i s  mounted on the magnet and 
c o n s i s t s  o f  a m echan ica l Metrovac DR-1 r o ta r y  pump, an 03-3  
d i f f u s i o n  pump w ith  s i l i c o n e  703 o i l ,  and a l i q u i d  a i r  t r a p ,  
and i s  shov/n in  f ig u r e  3 ,  Chapter I .  Under running c o n d it io n s  
the vacuum i s  m ain ta in ed  a t  about lO"^ mm. Hg and i s  m onitored  
by a P ir a n i  gauge between th e  r o ta r y  and d i f f u s i o n  pump, and 
a t r io d e  i o n i z a t i o n  gauge mounted on the t a r g e t  s id e  arm, and 
shown in  f ig u r e  4 0 . A m agnetic  v a lv e  and r e le a s e  are  
in c o r p o r a te d  between th e  r o ta r y  and d i f f u s i o n  pump, so  th a t
I "C 
' c
2
r o
z
icT)
in
<
in
H
m
2
Vacuum line ^X )
U3
— "D
tn T)
cr
F ig u r e  1^ 2
Wenheldt shieldfilament
anode \
anode 2
filament leads
node leads
glass 
anode support
shield at 
filament potential
ground jointing 
surface
water
F ig u re  I4.2
oCl
m
I
5
o
o
rj
O
O
3
>
(Q
3
■n > > >
c 3 3
3 û i£> 0iOt/» 3 0 f) Q.(Q
r* m r*
(Q 3 3- cr
3 r* ~i
- | û
0
%-
KO
(Q r>
r*-
-,
(Q
Ut 1
0 Ut e*
W
0
1 û
3
9
ô
3
r+
C
3
0a.
0
0lOu>
I-*- iQ0 3
0
T S
3 a.
Ulr*
o_
'<
O*i . 3 ÛL
-» CL
on ■ô (Q
ÎL Ut 3
1
C
3
^ g «
à ^ ï
KO
O
cT3~iO3
nX-m
in
ro
00o
->JlO U<- O O
O
-
ov 3 -
3
KO
C o
"D -,*oO
F ig u r e  I4.5
- 9 0 -
in  the e v e n t  o f  a v o l t a g e  s u p p ly  f a i l u r e ,  th e  chamber i s  s e a le d  
and th e  r o t a r y  pump r e l e a s e d  t o  a i r  p r e s s u r e .  A b lo c k  diagram  
o f  the pumping sy stem  i s  g iv e n  in  f i g u r e  4 1 .
2 .  INJECTION SYSTEM.
(a )  E le c t r o n  i n j e c t o r .
I n j e c t i o n  i s  a cco m p lish ed  by a p p ly in g  a s h o r t
n e g a t iv e  p u ls e  o f  v o l t a g e  about b a s é e s ,  in  d u r a t io n ,  t o  th e
f i la m e n t  and W ehneldt s h i e l d  o f  a th r e e  e l e c t r o d e  gun o f  w hich
the anodes are  a p p r o x im a te ly  a t  e a r th  p o t e n t i a l  and con n ected
t o  th e  co n d u c tin g  c o a t in g  o f  th e  vacuum chamber. The e l e c t r o n s
are  i n j e c t e d  t a n g e n t i a l l y  a t  a r a d iu s  some 2  cm. g r e a t e r  than
the e q u i l ib r iu m  o r b i t  r a d iu s .  The e l e c t r o n  i n j e c t o r  i s
i d e n t i c a l  w i t h  th o se  u se d  by A .E .R .E . The photograph  in
f i g u r e  42 shows a t y p i c a l  gun w hich  i s  mounted on tombac b e l lo w s
t o  a l lo w  some r a d i a l  a d ju s tm e n t .  T h is  gun i s  a more r e c e n t  one
than th a t  s k e tc h e d  in  P r y ’ s p a p e r .  The diagram  in  f i g u r e  43
shows d im e n s io n a l  and o th e r  d e t a i l s  o f  th e  a sse m b ly .  The
f i la m e n t ,^ w h ic h  c o n s i s t s  o f  a tu n g s te n  h e l i x ,  i s  t e c h n i c a l l y
a "short"  o n e , and owing to  th erm al co n d u c tio n  t o  th e  s u p p o r t s ,
the e f f e c t i v e  l e n g t h  i s  o n ly  ab out h a l f  th e  t o t a l  w ir e  l e n g t h .
31F ila m en t  d e s ig n  f o l l o w s  th e  d a ta  o f  W orthing and F o r sy th e  
32and Reimann. The two anode c o n n e c t io n s  are brought ou t  
s e p a r a t e l y  so  th a t  b i a s s i n g  v o l t a g e s  can be a p p l ie d  to  vary  
th e  e l e c t r o n  beam d i r e c t i o n  th rou gh  a sm a ll  a n g le .  The gun 
shown in  f i g u r e  42 i s  o f  r e c e n t  c o n s t r u c t io n  and has a s h i e l d
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a t  f i la m e n t  p o t e n t i a l  d e s ig n e d  to  reduce the  s t r e s s  a c r o s s  the
g l a s s  tube e n c l o s in g  the f i la m e n t  le a d s  and so  in c r e a s e  the
maximum o p e r a t in g  v o l t a g e .  I t  has r e c e n t ly  been found,
*
how ever, t h a t  t h i s  a c t u a l l y  redu ces the maximum o p e r a t in g  
v o l t a g e  in  the machine from 40 kV. to  20 kV ., owing to  breakdown 
o ccu r in g  between s h i e l d  and vacuum chamber i n t e r n a l  c o a t in g  
w hich appears n ot to  adhere to  th e  w a l l s  v ery  w e l l .  I t  i s  
hoped to  remove t h i s  e f f e c t  by su rroun ding  t h i s  f i r s t  sh ie ld ^  
by a n o th er  c y l i n d r i c a l  m e t a l l i c  s h i e l d  a t  e a r th  p o t e n t i a l .
(b ) Timing equipm ent.
The i n j e c t i o n  p u l s e ,  f o r  any g iv e n  i n j e c t i o n  v o l t a g e ,  
needs to  take p la c e  a t  a d e f i n i t e  v a lu e  o f  o r b i t a l  f i e l d  
s t r e n g t h ,  and some t im in g  mechanism i s  r e q u ir e d .  There are  
s e v e r a l  ways in  w hich  t h i s  can be a c h ie v e d ,  but one o f  the 
s im p le s t  and perhaps most a c c u r a te  methods i s  th e  g e n e r a t io n  
o f  t im in g  p u ls e s  by p eak in g  tr a n s fo r m e r s .  I t  i s  the method 
in  u se  a t  the Royal Cancer H o s p i t a l ,  and a l s o  a t  A .E .R .E .
The p r i n c i p l e  o f  th e  peak ing  tran sform er i s  shown in  f ig u r e  4 4 .  
The core c o n s i s t s  o f  th r ee  l im b s ,  th e  o u te r s  o f  w hich  have a 
sm a ll  a i r  gap , one o f  th e s e  b e in g  sh un ted  by a t h in  s t r i p  o f  
mumetal w ith  a 100 turn  c o i l  o f  f i n e  w ire  around i t .  The two 
o u te r  lim b s are each  surrounded by a few turns o f  heavy gauge  
w ire  con n ected  in  s e r i e s  w i t h  th e  magnet e x c i t i n g  w in d in gs in  
such  a way th a t  no A.C. f l u x  p a sse s  down the cen tre  l im b .
T his lim b has a c o i l  o f  many turns around i t  through  w hich  
D.C. cu rren t  may be p a s s e d .  The mumetal p eak ing  s t r i p  i s
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s a tu r a te d  a t  a l l  t im e s  e x c e p t  the i n s t a n t  when the A.C. f l u x  
i s  equal in  m agnitude to  th e  D.C. f l u x  p a s s in g  through i t .  At 
t h i s  t im e , a sm all v o l t a g e  p u ls e  i s  produced in  the c o i l  
surrounding  i t ,  w h ich , when a m p l i f i e d ,  may be u sed  f o r  t im in g .  
T h is d e v ic e  i s  a l s o  u sed  f o r  t im in g  "R.P. on" and th e  photograph  
in  f i g u r e  45  shows t h e s e  two tra n sfo rm e rs  p lu s  a th ir d  sp a r e .
( c )  I n j e c t i o n  sy s te m .
A b lo c k  diagram  i s  g iv e n  in  f i g u r e  46 and i s  l a r g e l y  
s e l f - e x p l a n a t o r y .  The p u lse  from the p eak in g  tran sform er  i s  
a m p li f ie d  and u sed  to  t r i g g e r  the gun m od u la tor . The m odulator  
c o n s i s t s  o f  a standard  type a r t i f i c i a l  l i n e  w hich i s  d isc h a r g e d  
through th e  prim ary o f  a 9:1 b i f i l a r  p u ls e  tra n sfo r m e r , an 
i g n i t r o n ,  t r ig g e r e d  by the  t im in g  p u l s e ,  a c t in g  as the s w i t c h .  
U n t i l  v e r y  r e c e n t l y ,  the m odulator was one in te n d ed  f o r  10 kV. 
i n j e c t i o n  o n ly ,  w ith  a f i x e d  p u ls e  d u r a t io n  o f  about b a s é e s .
I t  has been u sed  f o r  a l l  exp er im en ts  on o p e r a t io n a l  c h a r a c te r ­
i s t i c s  d e s c r ib e d  in  t h i s  t h e s i s .  A new m odulator has now been  
i n s t a l l e d ,  capab le  o f  producing a p u ls e  o f  1-J- -  5 j i s e c .  v a r ia b le  
in  4 s t o p s ,  w it h  a peak m agnitude o f  100 kV. a c r o s s  th e  
secon d ary  o f  th e  p u ls e  tra n sfo r m e r . T h is  n e g a t iv e  p u ls e  i s  
a p p lie d  t o  th e  f i la m e n t  and g r id  o f  th e  i n j e c t o r ,  and i s  a l s o  
m onitored  on the d i s p l a y  sy s tem . There are se p a r a te  c o n t r o ls  
f o r  th e  i n j e c t o r  f i la m e n t  v o l t a g e .
3 .  R .F . SYSTEM.
(a )  Resonattor.
w m m m m
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The r e s o n a to r  i s  e s s e n t i a l l y  a -ÿ wave c o a x ia l  l i n e  
o f  r e so n a n t  freq u en cy  477 M c s / s e c . ,  w ith  a hollov/ in n e r  
and the sp ace  betv/een the  in n er  and ou ter  conductors f i l l e d  
w ith  a h ig h  p e r m i t t i v i t y  ceram ic (Paradox) to  reduce the  
m ech an ica l l e n g t h  o f  to  a l lo w  i n s e r t i o n  o f  the r e s o n a to r
in t o  th e  vacuum chamber through  one o f  the r a d ia l  arms. The 
e l e c t r o n s  p a ss  through  the h o llo w  in n e r  and are a c c e le r a t e d
a c r o s s  a gap e tc h e d  in  th e  f i r e d  s i l v e r  c o a t in g  o f  the  ceram ic ,
\
near one end. Water c o o l in g  i s  r e q u ir e d  because  o f  th e  h ig h  
tem perature c o e f f i c i e n t  o f  the p e r m i t t i v i t y  o f  the ceram ic ,  
w hich  has a v a lu e ,  between 15^ and 1 0 0  ^ C . ,  o f  about -7 2 0  x  
1 0  ^ p f / p f / ^ c . ,  and cau ses  a s h i f t  o f  re so n a n t  freq u en cy  o f  
about 0 .1 8  Mc/^C. change in  tem p era tu re . A photograph o f  a 
t y p i c a l  r e s o n a to r  i s  shown in  f ig u r e  4 7 ,  com plete w ith  c o a x ia l  
power in pu t and m o n ito r in g  l e a d s ,  and sp r in g  b a l l  c o n ta c t s  f o r  
co n n e c t io n  to  the donut c o a t in g .  The in t e r n a l  d im ensions o f  
the r e s o n a to r  are  about 2 . 9  cm. by 4 .1  cms. and are s u f f i c i e n t  
to  make f u l l  u se  o f  th e  s t a b l e  r e g io n  as d e f in e d  by o ^  < 1 .
The l e n g t h  o f  the r e s o n a to r  i s  s l i g h t l y  l e s s  than 2 cm.
(b ) R .F . o s c i l l a t o r .
The R .F . power t o  th e  r e s o n a to r  i s  s u p p lie d  from a 
c o n c e n tr ic  l i n e  o s c i l l a t o r  in  the  c o n t r o l  room and fe d  to  i t  
by a low l o s s  c o a x ia l  l e a d .  The o s c i l l a t o r  i s  r e q u ir e d  to  
produce about 50 -  60 w a tt s  peak d u r in g  the a c c e l e r a t i n g  p er io d  
from 3 to  30 MeV. w hich o c c u p ie s  about 3 - 4  m i l l i s e c s .  ev e r y
r
c y c l e .  Diagrams o f  th e  o s c i l l a t o r ,  w hich  u s e s  a CV-397 tube
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w ith  a m odulated H.T. su p p ly  o f  6 -700  v o l t s ,  are g iv e n  in  
f i g u r e s  48 a and b .
( c )  R .P . sy s te m .
A b lo c k  diagram  o f  the r , f .  system  i s  g iv e n  in  
f ig u r e  4 9 .  P u lse s  from th e  peak ing  tran sform er  t r i g g e r  an 
r . f .  m odulator c o n s i s t i n g  o f  a f l i p - f l o p  c i r c u i t  o f  v a r ia b le  
time co n s ta n t  c o n t r o l l i n g  a power ou tp ut s t a g e .  T h is  ou tp ut  
s ta g e  s u p p l ie s  the H.T. to  th e  grounded g r id  c o n c e n t r ic  l i n e  
o s c i l l a t o r .  The sm a ll  r . f .  v o l t a g e  p ick ed  up by the l o o s e l y  
coupled  m onitor  le a d  a t  the  r e s o n a to r  i s  r e c t i f i e d  by a s u i t a b l e  
c r y s t a l  and f e d  t o  the d i s p l a y  u n i t .
4 .  DISPLAY SYSTEM.
(a )  O perating c y c l e .
The magnet i s  e x c i t e d  from the 50 m a in s , and the  
p e r io d  u s e d  f o r  p a r t i c l e  a c c e l e r a t i o n  o c c u p ie s  a p p r o x im a te ly  
4  o f  each  c y c le  as th e  g u id in g  f i e l d  in c r e a s e s  from zero  to  
i t s  maximum v a lu e  in  the re q u ir e d  d i r e c t i o n .  P a r t i c l e s  are  
i n j e c t e d  s h o r t l y  a f t e r  f i e l d  ze ro  a t  a tim e depending  on t h e i r  
i n j e c t i o n  e n e r g y , and are a c c e l e r a t e d  to  about 3 MeV. by b e ta ­
tro n  a c t io n  when t h e i r  v e l o c i t y  approaches th a t  o f  l i g h t .  The 
b e ta tr o n  p o le s  then s a tu r a te  and the f i x e d  freq u en cy  r . f .  
v o lt a g e  i s  sw itch ed  on. The fr e q u en cy  r e q u ir e d  depends o n ly  
on th e  o r b i t  r a d iu s .  The r . f .  i s  turned  o f f  s h o r t l y  b e fo r e  
the g u id in g  f i e l d  rea ch es  i t s  peak v a lu e  and th e  e l e c t r o n  o r b i t s  
then c o n tr a c t  as th e  g u id in g  f i e l d  f u r t h e r  in c r e a s e s  u n t i l  the
F ig u re  50
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e l e c t r o n s  s t r i k e  a t a r g e t  mounted a t  a somewhat s m a lle r  ra d iu s  
than th e  e q u i l ib r iu m  o r b i t  and produce a p u ls e  o f  X r a y s .  The 
ta r g e t  i s  a c t u a l l y  s i t u a t e d  a t  about 8 . 5  cm. ra d iu s  and c o n s i s t s  
o f  a 2 * 5  mm. d iam eter  tu n g sten  rod mounted on a w ire  y o k e , a 
photograph o f  the com plete assem b ly  b e in g  g iv e n  in  f i g u r e  4 0 .
In normal o p e r a t io n  o f  the m achine, t h e r e f o r e ,  the  
im portant in fo r m a t io n  needed  i s  th a t  concerned w ith  g u id in g
f i e l d  z e r o ,  th e  i n j e c t i o n  p u l s e ,  the r . f .  en v e lo p e  and X -ray
\
o u tp u t .
(b ) D is p la y  s y s te m .
These e s s e n t i a l  e v e n ts  are d is p la y e d  on two 
o s c i l l o s c o p e s .  The f i r s t ,  known as the main d i s p l a y ,  has an 
X d e f l e c t i o n  p r o p o r t io n a l  t o  the g u id in g  f i e l d  s t r e n g th  and on 
i t  are d is p la y e d  f i e l d  zero  p u l s e ,  e l e c t r o n  i n j e c t i o n  p u l s e ,  
r . f .  en v e lo p e  and p u ls e s  o b ta in ed  from a G eiger c o u n te r .  The 
secon d  o s c i l l o s c o p e ,  com prising  the  i n j e c t i o n  d i s p l a y ,  has a 
l i n e a r  s i n g l e  sweep t r ig g e r e d  tim e base o f  d u r a t io n  v a r ia b le  
from 5 - 5 0 j i s e c *  on w hich  the i n j e c t i o n  p u lse  i s  d i s p la y e d .
F ig u re  50, shows th e  arrangem ent o f  e l e c t r o n i c s  
racks in  the  c o n tr o l  room and in c lu d e s  th e  d i s p la y  C .R .O .*s  
and the  c o n c e n tr ic  l i n e  o s c i l l a t o r .
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GHâPTER V I ,
SOME OPERATING CHARACTERISTICS OF THE 50 IÆEV. SYNCHROTRON. 
SUMMARY.
In t h i s  c h a p te r ,  exp er im en ts  on the e f f e c t  o f  the  
v a r i a t io n  o f  im portant o p e r a t in g  param eters are d e s c r ib e d  and 
d is c u s s e d .  The v a r ia b le s  chosen  f o r  s tu d y  in c lu d e  i n j e c t i o n  
v o lta g e ,V g u n  e m is s io n ,  i n j e c t i o n  p h a s in g ,  gun r a d ia l  p o s i t i o n ,  
b e ta tr o n  core s e t t i n g ,  m a g n etic  f i e l d  p h asin g  and the a p p l ie d  
r a d io  fr e q u e n c y . An a ttem p t has been made t o  determ ine the  
r e l a t i v e  im portance o f  t h e s e  and t o  compare th e  working  
e f f i c i e n c y  o f  American b e ta tr o n s  w ith  th a t  o f  the 30 MeV. 
sy n ch ro tr o n .
1 .  GENERAL.
The machine gave output w it h in  th r ee  hours or so  a f t e r  
assem bly  was com plete and th e  pumps sw itch ed  on. For the f i r s t  
e i g h t  months i t  o p era ted  w ith o u t  a s i n g l e  breakdown, and on the  
w h o le , has always g iv e n  v ery  s a t i s f a c t o r y  o p e r a t io n .  The X -ray  
i n t e n s i t y ,  how ever, has alw ays been r a th e r  lo w , s c a r c e ly  
s u f f i c i e n t  f o r  t h e r a p e u t ic  t r e a tm e n t ,  though perhaps p l e n t i f u l  
f o r  p h y s ic a l  ex p e r im e n ts .  I t  has n ev er  been g r e a t e r  than about  
8  ro n tg en s  per m inute a t  1 Metre from th e  t a r g e t ,  and more 
u s u a l l y  o p e r a te s  in  th e  r e g io n  o f  5 ro n tg en s  per m in u te , a t  a 
peak en erg y  o f  21 MeV.
The X -ra y  output depends on a number o f  o p e r a t in g
a .
X)
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param eters and a f a i r l y  com prehensive s e r i e s  o f  ejcperim ants  
has been perform ed to  determ ine the e f f e c t s  o f  v a r i a t io n  in  
th e s e  -param eters, th e  r e s u l t s  o f  w hich  w i l l  be d e s c r ib e d  in  
t h i s  c h a p te r .  I t  i s  obvious t h a t  the b e ta tr o n  a c c e l e r a t i o n  
must be as e f f i c i e n t  as p o s s i b l e ,  and f o r  t h i s  r e a s o n ,  most o f  
the exp erim en ts  have been concerned w ith  b e ta tr o n  output  
i n t e n s i t y .  Two o f  the more im portant v a r ia b le s  are gun e l e c t r o n
e m iss io n  and I n j e c t i o n  v o l t a g e ,  and i t  i s  c o n s id e r ed  w orth
V
w h i le  p ay ing  some a t t e n t i o n  to  the measurement o f  t h e s e  b e fo r e  
p a s s in g  on to  the main e x p e r im e n ts .  In a d d i t io n ,  some d e t a i l s  
are g iv e n  o f  the r a d ia t io n  m easuring a p p a r a tu s .
2 .  INJECTOR CALIBRATION AND RADIATION I^ /IEASURING EquiPJ/IENT.
(a )  I n j e c t o r  e l e c t r o n  e m is s io n .
The peak e l e c t r o n  e m is s io n  d u r in g  th e  i n j e c t i o n  
p u ls e  was determ ined  by c o n n e c t in g  the gun anodes and donut 
c o a t in g  through  a 1 0 0 -o -  n o n - in d u c t iv e  r e s i s t o r  to  e a r th  and 
m easuring the peak v o l ta g e  produced a c r o ss  i t .  To do t h i s ,  
co n n e c t io n s  were made from the r e s i s t o r  d i r e c t  t o  th e  Y p l a t e s  
o f  the i n j e c t i o n  d i s p l a y  C .R .O ., o f  w hich  the v o l t a g e  s e n s i ­
t i v i t y  was known. The c i r c u i t  was as shown in  f i g u r e  51.
I t  was found t h a t ,  on a p p ly in g  the H.T. p u ls e  t o  the  
gun w ith o u t  any f i la m e n t  v o l t a g e ,  an o s c i l l a t o r y  damped wave­
form was produced on the  s c r e e n  and th a t  the o n ly  e f f e c t  o f  
e l e c t r o n  e m is s io n  was to  d i s p la c e  t h i s  waveform from the  X a x i s ,
as shown in  f i g u r e  52 . The maximum d isp la ce m en t  was presumed  
to  be p r o p o r t io n a l  t o  the peak e m is s io n .  To a v o id  e r r o r s  due
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to  the  com p lica ted  vjaveform i t  would p robably  have been b e t t e r  
to  c a l ib r a t e  under D.G. c o n d i t io n s ,  but u n f o r t u n a t e ly ,  no 
s u i t a b l e  power su p p ly  was a v a i l a b l e , The experim ents in d ic a t e d  
th a t  l e s s  than  1 0 ^ o f  the t o t a l  e m iss io n  was c o l l e c t e d  by the  
gun a n o d es , the r e s t  b e in g  c o l l e c t e d  by the  c o a t in g .  Two 
re a d in g s  o f  the f i la m e n t  cu rren t  to  produce a g iv e n  d e f l e c t i o n  
on the C.R.O. were o b ta in e d ,  one as the f i la m e n t  cu rren t  was
in c r e a s e d  towards i t s  maximum and the  o th e r  as i t  was b e in g
V
d e c r e a s e d .  The mean o f  th e s e  two re a d in g s  was regard ed  as  
the c o r r e c t  v a lu e .  The measured e m is s io n ,  f o r  a g iv e n  f i la m e n t  
c u r r e n t ,  appeared to  be o n ly  v ery  s l i g h t l y  dependent on the  
i n j e c t i o n  v o l t a g e ,  p rov id ed  t h i s  was g r e a t e r  than about 12 k V ., 
and f o r  p r a c t i c a l  p u r p o se s ,  cou ld  be regarded  as tem perature  
l i m i t e d .
Some check  on the r e l i a b i l i t y  o f  the e m is s io n  
c a l ib r a t i o n  may be o b ta in ed  by p l o t t i n g  the  lo g a r ith m  o f  the  
observed  e m is s io n  as a fu n c t io n  o f  the r e c ip r o c a l  o f  the  
f i la m e n t  c u r r e n t .  T h is  sh ou ld  produce a s t r a i g h t  l i n e ,  a f a c t  
w hich  may be seen  from the  f o l lo w in g  c o n s id e r a t io n s .
The e m is s io n  o f  the f i la m e n t  as a f u n c t io n  o f  
tem perature i s  g iv e n  by the Dushman eq u a tio n
E  =
vvhere £ = e m is s io n  cu rren t  d e n s i t y
A  = u n iv e r s a l  co n sta n t
'V  = a b s o lu te  tem perature
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o vj œ voo
O O O O O
O O O O O
vj 00 o O O O O O
i
iH Ü
IHflllllii
iiifltilllllH
iiPilgOiillilll
üiiiÿiiinitin
F ig u re  55
-9 9 -
= tem perature e q u iv a le n t  o f  the work
f u n c t io n .
Over the range o f  o p e r a t in g  tem peratures u se d  in  p r a c t i c e ,  th e
e x p o n e n t ia l  term i s  by fa r  th e  more im p o rta n t . Hence lo g  £
i s  a p p ro x im a te ly  cxT - i -  w hich i s  a l s o  a p p ro x im a te ly
^  X f
where i s  the f i la m e n t  c u r r e n t .  A t y p i c a l  c a l i b r a t i o n  o f  a
3 0 0  j i  f i la m e n t  p l o t t e d  in  t h i s  way i s  shown in  f ig u r e  53 .
(b) I n j e c t i o n  v o l t a g e .
As s t a t e d  in  th e  p r e v io u s  ch a p te r ,  the i n j e c t i o n  
m odulator c o n s i s t e d  o f  an a r t i f i c i a l  l i n e  charged to  a g iv e n  
but v a r ia b le  v o l ta g e  and s u b s e q u e n t ly  d isc h a r g e d  through  the  
prim ary o f  a 100 kV. b i f i l a r  p u ls e  tra n sfo r m e r , the secon d ary  
o f  w hich was con n ected  betv/een th e  gun and e a r th .  The m odulator  
u se d  f o r  a l l  the exp er im en ts  d e s c r ib e d  in  t h i s  t h e s i s  was an 
e a r ly  model w ith  a maximum l i n e  v o l t a g e  o f  7 .5  kV. and d e s ig n e d  
f o r  an i n j e c t i o n  v o l t a g e  o f  1 0  kV. a c r o s s  th e  secon d ary  o f  a 
p u lse  tra n sfo rm er  much sm a lle r  than the 100 kV. one a c t u a l l y  
u s e d .  The surge impedance o f  the  l i n e  was 160 , w h i l s t  the
100 kV. p u ls e  tra n sfo rm er  w ith  a s t e p  up r a t i o  o f  9:1  was 
in te n d ed  f o r  a secon d ary  lo a d  o f  about 5000_nu, and a 
correspon d ing  in p u t  impedance o f  a p p ro x im a te ly  50_rL .
In order to  o b ta in  as h ig h  an i n j e c t i o n  v o l ta g e  as  
p o s s i b l e ,  i t  was found n e c e s s a r y  t o  in c r e a s e  the secondary  lo a d  
r e s i s t a n c e  a c r o s s  the  p u lse  tran sform er  to  about 3 0 ,0 0 0 jx .
T h is r e s u l t e d  in  bad m ism atching in  th e  c i r c u i t  and c o n se q u e n t ly
a somewhat d i s t o r t e d  p u ls e  waveform. The waveform was d is p la y e d  
f o r  measurement on the  i n j e c t i o n  C.R.O. and was o b ta in ed  from
pulse
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a sm a ll  n o n - in d u c t iv e  r e s i s t o r  a t  the e a r th y  end o f  the  
secon d ary  lo a d ,  as shovm in  f ig u r e  54- T y p ic a l  t r a c e s  are  
shown in  f ig u r e  55 f o r  a g iv e n  l i n e  v o l ta g e  w ith  and w ith o u t  
the gun b e in g  con n ected  to  the p u ls e  tr a n s fo r m e r . The gun 
o b v io u s ly  c o n s t i t u t e s  an e x tr a  lo a d  on the system  and reduces  
the v o l t a g e -  The h e ig h t  o f  the  h ig h e s t  peak on the v/aveform  
was th e  one taken  as a measure o f  the  i n j e c t i o n  v o l t a g e -
A check was made on the measurements w ith  the  gun 
d is c o n n e c te d  by comparing them w ith  v a lu e s  c a l c u la t e d  from  
c i r c u i t  c o n s ta n ts  as f o l l o w s .  For the c i r c u i t  shown in  f i g u r e  
5 4 , assum ing the gun d is c o n n e c t e d ,  the  v o l ta g e  d ev e lo p ed  
a c r o s s  th e  prim ary o f  the p u ls e  tra n sfo rm er  i s  g iv e n  by
V: = t  X ^   ( 1 )
where = a r t i f i c i a l  l i n e  v o l t a g e
Zy = secon d ary  lo a d  o f  the p u ls e  tra n sfo r m e r ,  
r e fe r r e d  t o  the prim ary  
* s u r g e  impedance o f  the a r t i f i c i a l  l i n e .
I n s e r t in g  v a lu e s  f o r  = i o  l<xi,, and = f (oo^
S i o .
and th e  v o l ta g e  a c r o s s  th e  seco n d a ry  ,  ? l±s3
(2 )
Below i s  a comparison o f  measured and c a lc u la t e d  
v a lu e s  f o r  two l i n e  v o l t a g e s .
- I C I -
L ine v o l t a g e  C a lc u la te d  i n j e c t i o n  Measured peak
(k V .) v o l t a g e  (kV#) v o l t a g e  ( k V .)
4 .0  2 5 .1  2 4 .0
6 . 0  3 7 .6  3 6 .0
The measured v a lu e s  are low by about 3 - 4 ^  o n ly  and in d ic a t e
th a t  the method o f  measurement i s  r e l i a b l e .
( c )  X -ra y  i n t e n s i t y  m easuring equipm ent.
X -ray  beam i n t e n s i t y  i s  g e n e r a l ly  determ ined  from
the cu rren t  produced in  an i o n i z a t i o n  chamber p la c e d  in  th e
beam. The c h o ice  o f  m easuring c o n d it io n s  f o r  h ig h  en ergy
r a d ia t io n  r e q u ir e s  c a r e f u l  th o u g h t ,  becau se the i o n i z a t i o n
cu rren t  depends in  a complex way on th e  chamber volum e, i t s
w a l l  th ic k n e s s  and w a l l  m a t e r ia l .  For t h in  w a l l s ,  th e  cu rr en t
i s  low and as  th e  w a l l  th ic k n e s s  i s  in c r e a s e d ,  the cu rren t
r i s e s ,  r a p id ly  a t  f i r s t ,  then  more s lo w ly ,  u n t i l  a maximum
i s  re a ch ed , a f t e r  w hich  the cu rren t  f a l l s  o f f  very  s lo w ly  owing
to  a b so r p t io n  o f  the prim ary beam. For carbon w a l le d  chambers,
the w a l l  t h ic k n e s s  g iv in g  maximum cu rren t  a t  an energy  o f
3 MeV. i s  about 5 mm. and t h i s  correspon ds a p p ro x im a te ly  to
the range o f  th e  most e n e r g e t i c  seco n d a ry  e l e c t r o n s  in  carbon.
The whole problem o f  the ch o ice  o f  m easuring c o n d it io n s  to  g iv e
s i g n i f i c a n t  i o n i z a t i o n  c u rren ts  has r e c e iv e d  c o n s id e r a b le
33a t t e n t i o n  from P r o fe s s o r  Mayneord, and one o f  the  most 
im portant c o n d it io n s  i s  t h a t  th e  w a l l  must be t h i c k  enough t o  
su p p ly  a l l  the e l e c t r o n s  c r o s s in g  the  chamber a i r  c a v i t y .  T h is  
means t h a t  th e  th ic k n e s s  must be as g r e a t  as  the range o f  th e
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most e n e r g e t i c  seco n d a ry  p a r t i c l e s .
The ap paratus u se d  f o r  m easuring b o th  b e ta tr o n  and 
sy n ch ro tro n  X -ra y  ou tp ut c o n s i s t e d  o f  a d i r e c t  r e a d in g  dosage  
r a t e  m eter s p e c i a l l y  d e s ig n e d  f o r  P r o f e s s o r  Mayneord*s v i s i t  
to  America and d e s c r ib e d  f u l l y  in  the B .J .R .  Supplement ( l o c .  
c i t . ) .  For r e l a t i v e  measurements o f  b e ta tr o n  ou tp ut the  
384 CO. c y l i n d r i c a l  g r a p h ite d  P erspex  chamber o f  5 mm. w a l l  
t h ic k n e s s  was u s e d ,  w h i l s t  f o r  sy n ch ro tro n  m easurem ents, 6 v 3  c c .  
carbon w a l le d  chambers o f  a p p r o p r ia te  w a l l  t h ic k n e s s  were u s e d .  
Each chamber was p la c e d  w ith  i t s  a x i s  c o in c id e n t  w ith  the a x i s  
o f  the beam.
3 .  BETATRON OUTPUT AS A FUNCTION OF OPERATING PARAIÆËTERS.
(a )  B e ta tr o n  ou tp u t i n t e n s i t y  as a f u n c t io n  o f  
gun e m is s io n  and i n j e c t i o n  v o l t a g e .
For t h i s  exp er im en t th e  P erspex chamber was mounted 
a t  a d i s t a n c e  o f  about 65 cms. from the t a r g e t .  The magnet 
e x c i t a t i o n  was a d ju s te d  to  120A. and h e ld  c o n s ta n t  th r o u g h o u t .  
The ex p er im e n ta l  o b s e r v a t io n s  were th en  c a r r ie d  out in  th e  
f o l l o w i n g  m a n n er .- For each  chosen i n j e c t i o n  v o l t a g e ,  the  
optimum gun e m is s io n  and i n j e c t i o n  t im in g  were found corresp on d ­
in g  to  peak b e t a tr o n  o u tp u t .  The t im in g  was then  h e ld  c o n s ta n t  
and th e  ou tp ut measured f o r  v a r io u s  e m is s io n  c u r r e n ts .  The 
a l t e r n a t i v e  method i s  to  f i x  th e  e m is s io n  and o b ta in  the optimum 
o u tp u t f o r  each  ch osen  i n j e c t i o n  v o l t a g e  by v a r y in g  the  t im in g .  
The e m is s io n  i s  then v a r ie d  in  s t e p s  over th e  r e q u ir e d  ra n g e .
5 6 0200 3 0 0 8004 0 0 6 0 0
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the optimum o u tp u ts  b e in g  o b ta in e d  f o r  each  s t e p .  T h is  l a t t e r  
method i s  u n s a t i s f a c t o r y  b ecau se  o f  the  u n a v o id a b ly  co m p lica ted  
i n j e c t i o n  v o l t a g e  waveform w hich  may r e s u l t  in  i n j e c t i o n  ta k in g  
p la c e  a t  d i f f e r e n t  p a r ts  o f  the  waveform and n o t  a t  th e  chosen  
i n j e c t i o n  v o l ta g e #  A l l  ex p er im en ts  were c a r r ie d  out w i t h  a 
f i x e d  i n j e c t i o n  p u ls e  d u r a t io n  o f  about 5  yasecs#
A f a m i ly  o f  curves o f  r e l a t i v e  b e ta tr o n  output as a 
f u n c t io n  o f  e m is s io n  f o r  a range o f  i n j e c t i o n  v o l t a g e s  from  
14 -  38 kV. i s  g iv e n  in  f i g u r e  56# P u l l  c o n s id e r a t io n  i s  g iv e n  
to  t h e s e  curves in  a l a t e r  ch ap ter  d e a l in g  w i t h  the p r o c e s s  o f  
i n j e c t i o n  and o n ly  a few  g e n e r a l  comments on the  o u ts ta n d in g  
f e a t u r e s  w i l l  be made here#  A lthou gh  i t  i s  not c l e a r l y  e v id e n t  
from f ig u r e  5 6 , i t  was found t h a t  th e r e  appeared  to  be a 
minimum t h r e s h o ld  e m is s io n  f o r  each  i n j e c t i o n  v o l t a g e  below  
w hich  the  ou tp u t f e l l  t o  a v a lu e  to o  sm a ll  f o r  measurement#
For e m is s io n s  g r e a t e r  than  th r e s h o ld  the ou tp u t ro se  r a p id ly  
to  i t s  maximum v a lu e  and th en  began to  d e c r e a se  a g a in  as th e  
e m is s io n  was f u r t h e r  in c r e a s e d ,  u n t i l  i t  f i n a l l y  f e l l  once  
a g a in  t o  zero# S im i la r  ou tp u t e m is s io n  c h a r a c t e r i s t i c s  have  
been p u b lis h e d  by W estendorp and E lder^^ f o r  1 0 ,  50 and 100 MeV- 
b e ta tr o n s  w hich  show s i m i l a r  t r e n d s ,  but are  by no means so  
com plete and th e re  i s  some doubt about the  v a l i d i t y  o f  t h e i r  
X -ray  m easurem ents, a l l  o f  w hich  were made w it h  a -ÿ* l e a d  
ja c k e te d  V ic to r e e n  th im ble#  The curves in  f i g u r e  56 show th a t  
the maximum o u tp u t ,  optimum e m is s io n  and the e x c e s s  e m is s io n
f o r  z e r o  o u tp u t ,  a l l  in c r e a s e  w ith  i n j e c t i o n  v o lta g e #  I t  i s
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i n t e r e s t i n g  to  draw from th e  curves a graph o f  the maximum 
ou tp u t a g a in s t  i n j e c t i o n  v o l t a g e ' s u c h  as i s  g iv e n  in  f i g u r e  57 .  
In c lu d ed  in  t h i s  graph i s  one p o in t  co rresp o n d in g  t o  9 .5  kV. 
i n j e c t i o n ,  n o t  in c lu d e d  in  th e  f a m i ly  o f  curves in  f i g u r e  56 .
The rea so n  f o r  t h i s  i s t h a t  a t  t h i s  i n j e c t i o n  v o l t a g e ,  th e  
ou tp ut was so  low and th e  v a r i a t i o n  w ith  e m iss io n  so  much 
f l a t t e r  than f o r  th e  h ig h e r  i n j e c t i o n  v o l t a g e s ,  th a t  no
a c c u r a te  ou tp u t v e r su s  e m is s io n  curve cou ld  be drawn. F ig u re
V
5 7 a shows a l i n e a r  v a r i a t i o n  o f  ou tp ut w ith  i n j e c t i o n  v o l t a g e ,
but i t  i s  to  be n o ted  t h a t  t h i s  i s  o n ly  true p r o v id in g  the  gun
e m is s io n  i s  s e t  a t  the  optimum v a lu e  f o r  each  i n j e c t i o n  v o l t a g e .
S im ila r  r e s u l t s  on a 30 MeV. machine up t o  32 kV. i n j e c t i o n
19
have been r e p o r te d  by Fry ; on a 70 MeV. sy n ch ro tro n  up to
35
40 kV. by E ld e r  e t  a l  ; and on a 5 MeV. b e ta tr o n  betw een
36
3 . 6  and 9 kV. by Abson. A fu r th e r  im portan t c o n s id e r a t io n  
in  the  d e s ig n  o f  i n j e c t o r s  f o r  h ig h e r  k i l o  v o l t a g e s ,  i s  th e  
minimum peak e m is s io n  w hich th e y  must g iv e  a t  the h ig h e s t  k i l o  
v o l t a g e  t o  take f u l l  advantage o f  th e  l i n e a r  r e l a t i o n .  A curve  
o f  optimum e m is s io n  a g a in s t  kV. i s  g iv e n  in  f i g u r e  57b. The 
optimum e m is s io n  a p p a r e n t ly  in c r e a s e s  f a s t e r  th an  th e  i n j e c t i o n  
v o l t a g e  and th e  n o n - l i n e a r i t y  p r e v e n ts  e x t r a p o la t io n  t o  100 kV ., 
the maximum v o l t a g e  f o r  w hich  the r e c e n t l y  i n s t a l l e d  m odulator  
has been d e s ig n e d .
(b) B e ta tr o n  output as a f u n c t io n  o f  i n j e c t i o n  d e l a y .
The e f f e c t  o f  i n j e c t i o n  t im in g  on b e ta tr o n  ou tp ut  
a t  one f i x e d  i n j e c t i o n  v o l t a g e  and magnet e x c i t a t i o n  cu rren t
rci::iR»9::mnRn3i
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i s  shown in  f ig u r e  5 8 , t o g e t h e r  w it h  a s k e tc h  o f  th e  p u ls e  
waveform# The gun e m is s io n  was a d ju s te d  t o  the optimum v a lu e  
f o r  the peak i n j e c t i o n  v o l t a g e .  The i n j e c t i o n  d e la y ,  a t  the 
time o f  t h i s  ex p er im e n t ,  cou ld  n o t  be redu ced  to  a v a lu e  l e s s  
than about I C ^ s e c s #  and th e  whole o f  th e  curve to  z e ro  ou tp ut  
cou ld  n o t  be o b ta in e d .  At the g iv e n  v a lu e  o f  magnet e x c i t a t i o n  
the t o t a l  a c c e p ta n c e  time f o r  20 kV. e l e c t r o n s  i s  about 2 j isecs*
and i t  i s  ob v ious from th e  f i g u r e  t h a t  ou tp u t can be o b ta in e d
V
f o r  f a r  g r e a te r  changes in  i n j e c t i o n  d e la y  than t h i s .  T h is i s
due to  th e  f i n i t e  w id th  o f  the p u ls e  and a l s o  the  wide range
o f  e l e c t r o n  e n e r g ie s  in  the i n j e c t e d  ch a rg e . As the i n j e c t i o n
d e la y  i s  in c r e a s e d  from  z e r o ,  i n j e c t i o n  w i l l  f i r s t  take p la c e
a lo n g  the f a l l i n g  edge o f  th e  i n j e c t i o n  p u l s e ,  and i t  f o l l o w s
from t h i s ,  as can be seen  in  f i g u r e  5 8 , th a t  th e  curve o f
ou tp ut a g a in s t  d e la y  would be e x p e c te d  to  appear as an
approxim ate m irror  image o f  th e  i n j e c t i o n  p u ls e  i t s e l f .  At
the chosen  magnet e x c i t a t i o n ,  i n j e c t i o n  d e la y  does not appear
c r i t i c a l  t o  w i t h in  0 . 5 y i s e c .  or s o ,  but w i l l ,  f o r  any g iv e n
i n j e c t i o n  v o l t a g e ,  become more c r i t i c a l  w ith  in c r e a s in g  magnet
e x c i t a t i o n .  T h is  i s  borne out by the  r a th e r  more com prehensive
s e r i e s  o f  p l o t s  w i th  v a r y in g  magnet e x c i t a t i o n  p u b l is h e d  by 
19Pry. These show t h a t  t im in g  a t  h ig h  e x c i t a t i o n  can be 
c r i t i c a l  to  about l / l O j u s e c .  In p r a c t i c e ,  i t  has been found  
th a t  w i th  the p r e s e n t  sy stem  o f  p eak ing  tr a n s fo r m e r s ,  ou tp u t  
can be m a in ta in ed  .w ith in  5% or so  over lo n g  p e r io d s  o f  t im e ,  
w ith o u t  any ad ju stm en t o f  the d e la y  c o n t r o l s .  A p l o t  o f
( r e l a t i v e  u n i t s )  
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ou tp u t a g a in s t  i n j e c t i o n  t im in g  f o r  th e  70 MeV* s y n c h r o tr o n ,
35i s  p u b lish e d  by E ld e r  and t h i s  has a s i m i l a r  shape to  th a t  
g iv e n  in  f i g u r e  58.
( c )  B e ta tro n  output as a f u n c t io n  o f  th e  gun r a d iu s .
The i n j e c t o r  i s  mounted on tombac b e l lo w s  w hich  a l lo w  
r a d ia l  movement. S e v e r a l  ex p er im en ts  have been perform ed to  
f in d  the  e f f e c t  o f  gun r a d iu s  on the X -ray  o u tp u t ,  th e  r e s u l t s  
o f  w hich  are shown in  th e  th r e e  cu rves  in  f i g u r e  59 . Curves 
A and C were o b ta in e d  w ith  a r e s o n a to r  in  the  d on u t, w h i l s t  
r e s u l t s  in  curve B were o b ta in e d  w it h  the r e s o n a to r  removed.
The r e s o n a to r  i s  an i n t e r n a l  on e , w i t h  a c r o s s - s e c t i o n  o f
4 .1  X 2 . 9  cms. w h ich , though c o n s id e r a b ly  sm a lle r  than th a t  o f  
the  donut i s ,  as has been  p r e v io u s ly  s t a t e d ,  la r g e  enough to  
cover  the  r e g io n  o f  f o c u s s in g  f o r c e s .  Because o f  t h i s ,  one 
m igh t conclude t h a t  no change in  maximum b e ta tr o n  ou tp ut would  
be ob served  by removing the r e s o n a t o r .  That t h i s  i s  n o t  so  
i s  c l e a r  from curves A and B. Curve A i s  a p l o t  o f  ou tp ut  
w ith  an u n c o o le d  r e s o n a to r  in  th e  donut a d ju s te d  so  th a t  i t s  
c e n t r a l  a x i s  was a t  1 0  cm. ra d iu s  and thus g iv in g  r a d ia l  
c le a r a n c e  betw een 8 - 1 2  cms. The t a r g e t  was a t  about 8 .1  cms. 
r a d iu s .  Curve B i s  a p l o t  o f  ou tp ut a f t e r  rem oval o f  t h i s  
r e s o n a t o r .  I t  i s  apparent th a t  th e r e  i s  an optimum r a d ia l  
p o s i t i o n  o f  th e  gun in  b o th  c a s e s ,  but th a t  w h i l s t  i t  i s  a t
1 1 . 6  cms. w i th  the r e s o n a to r  in  the  d o n u t, i t  i s  a t  about  
1 2 .5  cms. w i t h  th e  r e s o n a to r  removed. The o th e r  s t r i k i n g  
f e a t u r e  i s  t h a t  the  ps ak output i s  a p p r o x im a te ly  doub led  by
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rem oval o f  th e  r e s o n a t o r .  I t  may be s i g n i f i c a n t  th a t  th e
t o t a l  i n t e r n a l  c r o s s - s e c t i o n  o f  the donut i s  about 25 sq .cm .
w hereas the area  i n s id e  the r e s o n a to r  i s  about 12 sq .cm . On
the o th e r  hand, the t a r g e t  su p p o rt  yoke s t i l l  r e s t r i c t s  the
a v a i l a b l e  v e r t i c a l  a p e r tu r e  a lm o st  as much as th e  r e s o n a to r
i t s e l f ,  and th e  t o t a l  u s a b le  c r o s s - s e c t i o n  i s  p ro b a b ly  n e a r e r
16 -  17 sq .cm . A nother i n t e r e s t i n g  p o in t  i s  t h a t  curve A
i n d i c a t e s  th a t  the  ou tp u t b e g in s  to  drop i f  th e  gun rad ius'
approaches w it h in  5  mm. or so  o f  the ou term ost v e r t i c a l  s id e
o f  th e  r e s o n a t o r ,  and t h i s  s u g g e s t s  th a t  p a r t i c l e s  n o t  in j e c t e d
t a n g e n t i a l l y  p la y  q u i t e  an im portant p a r t  in  the  p r o c e s s  o f
i n j e c t i o n .  The gun ra d iu s  g iv in g  maximum output w ith  th e
r e s o n a to r  removed i s  a l s o  w i t h in  5 mm. or so  o f  the o u te r  r a d i a l
r e s t r i c t i o n  w hich  i s  formed by th e  o u te r  w a l l  o f  the d o n u t.
I t  i s  a l s o  a t  about the  ra d iu s  co r re sp o n d in g  to  Hrv = l . E ld e r  
2 ,  3 5 ,
e t  a l  have a l s o  r e p o r te d  th a t  th e y  o b ta in  maximum ou tp u t
when the gun i s  in  th e  r e g io n  where t v  = 1 , but do n o t  s a y ,  as
i s  shown by curve B, t h a t  ou tp u t i s  s t i l l  o b ta in a b le  when th e
gun i s  y e t  f u r t h e r  o u t ,  where th e r e  i s  presum ably no r a d ia l
37s t a b i l i t y .  Hughes shows th a t  t h i s  apparent anomaly may be
due to  the way in  w hich  "iv* i s  d e f in e d .  He d e f i n e s  "tv' as  
— and s t a t e s  th a t  th e  f o r c e  on an e l e c t r o n
o s c i l l a t i n g  about a s t a b l e  o r b i t  i s
w h ich , i f  K erst^s form ula  Is  u s e d ,  g iv e s
a v a lu e  o f  z e r o  a t  tv  = 1 .  U s in g  h i s  own d e f i n i t i o n  how ever, 
1 4 ^  i f tb e  r e s u l t  i s  i d e n t i c a l  w ith
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K erst*s o n ly  i f  "tv" i s  co n sta n t  w ith  r a d iu s ,  but n ot n e c e s s a r i l y  
so  i f  TV v a r i e s  w ith  R  . Hughes has e v a lu a te d  t h i s  fo r c e  f o r  
the 30 MeV. machine and shows i t  i s  a maximum between 1 2 .5  
and 1 3 .0  cm ., the  ob served  p o s i t i o n  o f  th e  gun f o r  optimum 
o u tp u t .
R e fe r r in g  t o  f ig u r e  59 a g a in ,  curve C v/as a l s o  o b ta in ed  
w ith  a r e s o n a to r  in  the donut. T h is  r e s o n a to r  had w ater
c o o l in g  w hich  p rev en ted  i t  b e in g  in s e r t e d  r a d i a l l y  as f a r  as
V
the p r ev io u s  on e, and in  t h i s  r e s p e c t  i s  s im i la r  to  the normal
type o f  r e s o n a to r  now in  u s e .  I t s  c e n t r a l  a x i s  was a t
a p p rox im ate ly  1 0 .5  cm. r a d iu s ,  and as w i l l  be seen  from the  
cu rve , the peak output occurs w ith  th e  gun s e v e r a l  mm.^s 
f u r th e r  out than th a t  fo r  curve A. The r e l a t i v e  h e ig h t s  o f  
curves A and C must not be compared because in  n e i t h e r  
exp erim en ts  had th e  m easuring equipment been c a l ib r a te d  
a b s o l u t e l y .  A l l  th ree  curves show t h a t  the gun r a d ia l  p o s i t i o n  
i s  not very  c r i t i c a l ,  th e r e  b e in g  a r e d u c t io n  o f  50/2 from
maximum output w it h  a gun r a d ia l  movement o f  about ±  8  mm.
(d) B e ta tro n  output as a f u n c t io n  o f  b e ta tr o n  core gap .
The e q u i l ib r iu m  o r b i t  ra d iu s  during  b e ta tr o n  a c c e l e r a ­
t io n  i s  determ ined  by the s e p a r a t io n  between the b e ta tr o n  c o r e s ,  
as has been e x p la in e d  p r e v io u s ly .  I t  i s  i n t e r e s t i n g  to  f in d  
the e f f e c t  on b e ta tr o n  o u tp u t ,  o f  v a ry in g  the e q u il ib r iu m  
o r b i t  r a d iu s ,  and s e v e r a l  experim ents  have been performed w ith  
and w ith o u t  the r e so n a to r  in  the d onu t. The r e s u l t s  o f  the  
exp erim en ts  are shown in  the th ree  curves in  f ig u r e  60 . The
Betatron ouipiit (] re la t i.v_e— uni t O
::::
1
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F ig u re  6o
-1 0 9 -
exp erim en ts  were done a t  f a i r l y  w id e ly  se p a r a te d  d a te s  and w ith  
u n c a l ib r a te d  m easuring apparatus# Hence the graphs cannot be 
assumed to  have the  same a b s o lu te  output s c a l e .  During the  
course o f  th e se  and o th e r  e x p er im en ts ,  i t  was n o t ic e d  th a t  
th ere  were o c c a s io n s  when the machine output could  be v a r ie d  
by la r g e  amounts s im p ly  by r o t a t in g  the b e ta tr o n  c o r e s .  
V a r ia t io n s  o f  up to  two and th ree  tim es the  minimum output were 
not uncommon. At o th er  t im e s ,  changes o f  o n ly  10 -  20^  were 
e v i d e n t .  No v a l i d  reason  f o r  t h i s  phenomenon could  be found  
u n t i l  exp er im ents  on the e f f e c t  on output o f  c o r r e c to r  c o i l  
cu rren ts  were c a r r ie d  o u t .  I t  then appeared , as w i l l  be 
d is c u s s e d  l a t e r ,  th a t  u n le s s  th e r e  were good m agnetic  f i e l d  
phase c o r r e c t io n ,  sm a ll  in h o m o g en e it ie s  in  th e  b e ta tr o n  cores  
cou ld  produce la r g e  changes in  o u tp u t .  In order to  reduce t h i s  
e f f e c t ,  to  a minimum, a l l  p o in t s  on the  th r e e  curves in  f i g u r e  
60 are the mean o f  th ree  azim uthal o r i e n t a t io n s  o f  the b e ta tr o n  
co res  ap p ro x im a te ly  120^ a p a r t .  D e t a i l s  con cern in g  magnet 
e x c i t a t i o n  and i n j e c t i o n  v o l ta g e  f o r  each  graph, are g iv e n  w ith  
the f i g u r e .  Curve A was ob ta in ed  w ith o u t ,  and curves B and C 
w it h ,  a r e s o n a to r  in  th e  vacuum chamber. The curves show th a t  
th ere  i s  an optimum gap s e t t i n g  w h ich , w h i l s t  f o r  A and B i s  
the same, i s  somewhat g r e a te r  f o r  C. I t  i s  s u sp e c te d  th a t  
the reason  f o r  t h i s  s h i f t  was due to  some d i s t o r t i o n  o f  th e  
c e n tr a l  bore in  the main p o le s  which had occurred  d uring  the  
time in t e r v a l  o f  about one y ea r  between th e  experim ents B and C. 
When curve G was o b ta in e d ,  the b e ta tr o n  cores  had become a
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• very  t i g h t  f i t  in  the c e n tr a l  b o re . None o f the curves i s  
sym m etrica l about th e  maximum and no reason  f o r  t h i s  can be 
g iv e n ,  but the r e s u l t s  in d ic a t e  th a t  a r e d u c t io n  o f  25^ in  
output would r e s u l t  from a gap v a r ia t io n  o f  about i .  0 .0 5 5  cm. 
or 0.022" w ith o u t  a r e s o n a to r  and i  0 .0 3 5  cm. or 0.014" w ith  
r e s o n a to r .  Pry^^ f in d s  a 25^ r e d u c t io n  f o r  0.010" v a r i a t io n  
in  h i s  30 MeV. m achine, but d oes n o t  s t a t e  w hether th ere  was 
a r e so n a to r  in  the d o n u t. I t  was s t a t e d  in  Chapter I ,  e q u a tio n  
( 1 2 ) ,  th a t  the change in  b e ta tr o n  o r b i t  due to  change in
b e ta tr o n  core gap i s  g iv e n  by
Ro Z,
where ^  = e q u i l ib r iu m  o r b i t  
= b e ta tr o n  core gap 
= change in  b e ta tr o n  core gap
^  = f r a c t i o n  o f  the f l u x  in s id e  th e  e q u i l ib r iu m  
o r b i t  n o t  c a r r ie d  by the b e ta tr o n  c o r e s .
I t  was a l s o  e s t im a te d  t h a t  the b e ta tr o n  cores  carry  
about 60^ o f  the f l u x  in s id e  the  e q u i l ib r iu m  o r b i t .  Hence
0 .4 0 .  I f  we assume th a t  f o r  s a t i s f a c t o r y  o p e r a t io n  the  
ou tp ut must n ot change by more than 25^ , then  a cco rd in g
to  the p rev io u s  exp erim ents  0 .0 3 5  cm ., from which
^ IP cm. -  -6  mm.
 ^ ~ '(1 -  0 .7 )  X .805
T h is r e p r e s e n t s  an a l lo w a b le  s h i f t  in  the  e q u i l ib r iu m  o r b i t  
o f  about 0 .1 5  o f  the a v a i la b le  donut annular sp a c e .
1:3
+  0 5 + 1.0
c m s
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(e )  B eta tron  output as a fu n c t io n  o f b e ta tr o n  core
v e r t i c a l  p o s i t i o n .
The b e ta tro n  cores are supported by a brass  rod attached  
to the top  p la t e  o f  the magnet and i t  i s  p o s s ib le  to  r a i s e  or 
low er them w ith  r e s p e c t  to  the median p la n e , A s i n g l e  experim ent  
was c a r r ie d  out to  determ ine the e f f e c t  o f  the v e r t i c a l  p o s i t i o n  
o f  the c o r e s .  They were f i r s t  a d ju s te d  so th a t the ce n tr e  o f  
the gap betv/een them co in c id e d  w ith  the g e o m e tr ic a l  median p lane  
o f  the magnet. The magnet e x c i t a t i o n  was s e t  a t  12OA, the  
i n j e c t i o n  v o l t a g e  a t  2 8 .5  kV. and the gun f i la m e n t  curren t a t  
i t s  optimum v a lu e .  A read in g  o f  output was obta in ed  under 
th e se  c o n d i t io n s ,  and then fo r  v a r io u s  v e r t i c a l  d isp la cem en ts  
o f  the cores above and below the median p la n e .  I t  was foun d  
u n n ecessa r y  to  vary e i t h e r  c o r r e c t in g  amps in  the c o r r e c to r  
c o i l s ,  gun d e la y  or f i la m e n t  current to  o b ta in  maximum output  
a t  each  v e r t i c a l  p o s i t i o n .  The r e s u l t s  o f  the experim ent are  
shown in  f ig u r e  61 , and as w i l l  be s e e n ,  the  h ig h e s t  output 
occurs w ith  the o r ig in a l  s e t t i n g ,  but the f a l l  o f f  on e i t h e r  
s id e  o f  t h i s  i s  n o t  sym m etr ica l. Why t h i s  should  n ot be so  
i s  d i f f i c u l t  to  u n d erstan d , as i s  a l s o  the k ind o f p h y s ic a l  
e f f e c t  r a i s in g  or lo w er in g  the b e ta tr o n  cores  by sm all amounts 
would produce. One p o s s i b i l i t y  i s  that s h i f t i n g  o f  the cores  
d i s t o r t s  the m agnetic  f i e l d  and a l t e r s  the e f f e c t i v e  p o s i t io n  
o f  the median p la n e ,  and th a t  the asymmetry o f  the curve i s  
due e i t h e r  to  the o r i g in a l  e f f e c t i v e  median p lane or the donut 
median plane not c o in c id in g  w ith  th e  g e o m e tr ic a l  median plane
ma
I
s
1 2 0  1 3 0
Magnet e x c i t a t i o n  (omp») J
F ig u re  62
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o f  the m agnet, or to  some asymmetry in  the v e r t i c a l  a p er tu re  
o f  th e  r e so n a to r  or t a r g e t  yoke# Vifhatever may be the cause  
o f  the e f f e c t ,  the  p o s i t i o n  o f  the  cores  does not appear t o  be 
v ery  c r i t i c a l ,  a r e d u c t io n  o f  25^ in  output on t h a t  s id e  o f  the  
curve w ith  g r e a t e s t  s lo p e  o ccu r in g  w ith  a d isp la ce m e n t  from  
th e  median p lane o f  about 4 mm*
( f )  B e ta tr o n  output as a f u n c t io n  o f  magnet e x c i t a t i o n ,
V ' i n j e c t i o n  p hasin g  h e ld  c o n s t a n t *
The i n j e c t i o n  p h a s in g ,  as e x p la in e d  in  the p r e v io u s  
c h a p te r ,  i s  c o n t r o l l e d  by D*C* b ia s  a p p l ie d  t o  peak ing  t r a n s ­
fo r m e r s ,  and f o r  a g iv e n  b ia s  the i n j e c t i o n  p u ls e  sh ou ld  tak e  
p la c e  a t  a g iv e n  va lu e  o f  A.C* c u rr en t  in  the magnet w in d in gs  
corresp on d in g  to  a g iv e n  o r b i t a l  f i e l d  s t r e n g t h .  Hence, though  
by changing the magnet e x c i t a t i o n  the  time to  rea ch  a g iv e n  
o r b i t a l  s t r e n g t h  w i l l  v a ry ,  the peak ing  tran sform ers  sh ou ld  
en su re  t h a t  th e  e l e c t r o n s  are  i n j e c t e d  a t  the c o r r e c t  in s ta n t*  
One would n o t ,  t h e r e f o r e , e x p e c t  th a t  a f t e r  h av in g  s e t  o p e r a t in g  
c o n d it io n s  to  the optimum, sm a ll  changes in  magnet e x c i t a t i o n  
would e f f e c t  the  output s i g n i f i c a n t l y .  F igu re  62 shows the  
r e s u l t s  o f  such  an ex p er im en t. The magnet e x c i t a t i o n  was 
o r i g i n a l l y  s e t  a t  120A, and optimum c o n d it io n s  found f o r  an 
i n j e c t i o n  v o l t a g e  o f  2 8 .5  kV. The e x c i t a t i o n  was then v a r ie d  
in  sm a ll  s t e p s  over  th e  range 110 -  130A* and the  output  
measured w ith o u t  read ju stm en t o f  the c o n t r o l s .  The r e d u c t io n  
in  ou tput f o r  v ery  sm all changes in  e x c i t a t i o n  i s  s t a r t l i n g ,  
th ere  b e in g  a r e d u c t io n  o f  between 50^ and 75^ f o r  a 2% change
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in  e x c i t a t i o n .  The p e c u l ia r  shape o f  the curve s u g g e s t s  th a t  
the output i s  f o l lo w in g  the peaky i n j e c t i o n  waveform d e s c r ib e d  
in  s e c t i o n  2 o f  t h i s  c h a p te r ,  but the  magnitude o f  the  e f f e c t  i s  
hard t o  e x p la in .  R e s u lt s  o f  f u r th e r  experim ents a t  o th e r  
e x c i t a t i o n  l e v e l s  gave s im i la r  r e s u l t s .
(g )  B e ta tro n  ou tput as a f u n c t io n  o f  b e ta tr o n  core  
o r i e n t a t io n  and c o r r e c to r  c o i l  c u r r e n ts .
\ ' I t  was n o t i c e d ,  q u ite  by a c c id e n t ,  th a t  az im u thal  
o r i e n t a t io n  o f  th e  b e ta tr o n  cores could  e f f e c t  the X -ray  output  
sometimes by la r g e  amounts, and a t  o t h e r s ,  by co m p a ra tiv e ly  
sm a ll  amounts. P re lim in a ry  experim en ts  in d ic a t e d  t h a t  the  
g r e a t e s t  e f f e c t  o f te n  occurred  when the output was poor and 
when no .c o r r e c t in g  cu rren ts  were a p p l ie d  to  the c o r r e c t in g  c o i l s  
on the re tu r n  p a th s .  T h is i s  shown by the r e s u l t s  below in  
t a b le  I I I  w hich  compare output f o r  no c o r r e c t io n  w ith  th a t  f o r  
c o r r e c t io n  a p p l ie d  to  s e v e r a l  r e tu r n  p a th s ,  g iv in g  optimum 
o u tp u t .
R e la t iv e  b e ta tr o n  o u t p u t - d iv i s io n s
B eta tro n  core
o r i e n t a t io n  No c o r r e c t io n  ' Optimum c o r r e c t io n
0° 1 4 .0 4 1 .0
1 2 0 ° 9 .0 4 3 .5
180° 6 .0 3 7 .5
240° 7 .0 3 3 .5
300° 9 .0 4 1 .0
T able I I I .
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o th e r  exp er im en ts  r e v e a le d  th a t  v/hen c o r r e c t in g  amps were  
a p p l ie d  to  the  r e tu r n  p a th s ,  one a t  a t im e ,  by f a r  the g r e a t e s t  
in c r e a s e  in  ou tp u t was o b ta in e d  by a p p ly in g  c o r r e c t io n  to  the  
r e tu r n  p a th  im m ed ia te ly  beh ind  the gun and fu r th e r m o r e ,  th a t  
t h i s  c o r r e c t io n  had t o  be a la g g in g  on e . In te r c h a n g in g  t h i s  
r e tu r n  p a th  w ith  a n o th er  d id  n o t  remove t h i s  phenomenon, and 
i t  i s  t h e r e f o r e  u n l i k e l y  to  be due t o  f a u l t y  c o n s t r u c t io n  o f  
the r e tu r n  p ath  i t s e l f ,  though th e re  i s  th e  p o s s i b i l i t y  o f  
i t s  b e in g  due to  a f a u l t  in  th e  main p o l e s .  An a l t e r n a t i v e  
cause was thought t o  be the  l o c a l  in c r e a s e  in  th e  g u id in g  f i e l d  
w hich  co u ld  be produced by eddy c u r r en ts  in  the m assive  b r a ss  
f la n g e  and b e l lo w s  s u p p o r t in g  the gun . Eddy cu rr e n ts  in  t h i s  
s t r u c t u r e  would ten d  t o  reduce th e  f i e l d  through  the b r a s s , 
but in c r e a s e  i t  o u t s i d e .  Two c o i l s  were th e r e f o r e  wound, o f  
an area  about eq u a l to  t h a t  o f  th e  brassw ork  and p la c e d  w ith  
t h e i r  p la n e s  h o r i z o n t a l ,  above and below  i t .  No change in  
output cou ld  be d e t e c t e d  f o r  c u r r e n ts  through  th e  c o i l s  ran g in g  
from 100  Tl's to  70 3T»s l e a d .  The f i e l d s  produced by th e  c o i l s  
s h o u ld 'b e  c o n s id e r a b ly  g r e a t e r  than t  hose due t o  th e  gun 
m ou n tin g , and i f  t h i s  i s  s o ,  eddy c u r r e n ts  cannot be the  c a u se .  
The ex p er im en ts  a l s o  showed t h a t  to  o b ta in  th e  maximum in c r e a s e  
in  ou tp u t  w ith  c o r r e c t io n  i t  seemed to  be n e c e s s a r y  to  r e ­
a d ju s t  th e  i n j e c t i o n  d e la y  and som etim es the  e m is s io n  c u r r e n t .  
T y p ic a l  r e s u l t s  showing the  m agnitude o f  th e  in c r e a s e  due to  
c u rr en t  in  the  c o i l  in  th e  r e tu r n  p a th  beh ind  the  gun w ith
th e se  r e a d ju stm e n ts  are  g iv e n  in  t a b l e  IV.
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R e la t lv e  b e ta tr o n  o u tp u t - d iv i s io n s
B eta tro n  Optimum c o r r e c t io n
core No to  re tu rn  path
o r ie n t a t io n  c o r r e c t io n  behind pun
O'
90
180'
270'
(a )  No 
adjustm ent  
o f  i n j e c t i o n  
phasing
1 1 .5  2 2 .0
6 .0  1 8 .5
8 .8  1 9 .5
1 0 .0  2 5 .0
Table IV.
(b) Optimum 
in j e c t i o n  
phasing
3 7 .5
3 2 .0
2 8 .0  
• 3 2 .5
Optimum output
w ith  c o r r e c t io n  
where ne ce s s arÿ
3 8 .0
3 3 .0
2 8 .0  
3 4 .0
The in c r e a s e  in  output produced by o th er  c o i l s  as compared 
w ith  t h a t  g iv e n  by the c o i l  behind the gun, are shown in  ta b le  
V. The c o i l s  are numbered 1 to  8 a cco rd in g  to  the diagram  
g iv e n  in  f ig u r e  6 3 .
C o il No.
no c o r r e c t io n  
1 
2 
3-
4
5
6
7
8
B eta tro n  output  
( d i v s • )
1 0 .5
24 le a d in g  c o r r e c t in g  current
12
14
le a d in g  c o r r e c t in g  cu rren t  
35 la g g in g  c o r r e c t in g  cu rren t
13
14
28 le a d in g  c o r r e c t in g  cu rren t
T a b le  V.
1i i
t : : ;  ;;;i :
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I t  i s  to be n o t ic e d  th a t  c o i l s  4 and 5 are near the i n j e c t o r ,  
w h i l s t  1 and 8 are near the re so n a to r  and t a r g e t .  I t  was found  
th a t  v a r io u s  com binations o f  cu rren ts  in  1 ,  8 , 5 and 4 ,  produced  
no g r e a te r  output than f o r  5 a lo n e ,  w h i l s t  s im i la r  experim ents  
on c o i l s ,  2 , 3 , 6  and 7 could  not g iv e  an output g r e a te r  than  
14 d i v i s i o n s .
Another s e r i e s  of experim ents was performed to  a sc e r ta in  
the e f f e c t  on b e ta tr o n  output o f  v a r io u s  c o r r e c t in g  c u r r e n ts ,  
both la g g in g  and le a d in g ,  a p p lie d  to  s in g le  re tu rn  p a th s .  At 
the b eg in n in g  o f  the experim ents the magnet e x c i t a t i o n  was 
f ix e d  a t  120A, the i n j e c t i o n  v o lta g e  a t  2 8 .5  kV. and current  
was p assed  through s e v e r a l  c o r r e c t in g  c o i l s  u n t i l  the maximum 
output was o b ta in ed . Then the cu rren t through a chosen re tu rn  
path  was v a r ied  over the d e s ir e d  range and the X -ray output  
ob served . This was rep ea ted  f o r  a l l  the re tu rn  paths in  tu rn .
I t  was found th a t  a l l  the curves had a s im i la r  shape and two 
t y p ic a l  ones are shown in  f ig u r e  63 , from which i t  w i l l  be 
seen  th a t  the ampere turns req u ired  to  reduce the output to  
50^ i s  ‘about i  24 s .  The shape o f th ese  curves s u g g e s ts  
a t  once why the e f f e c t  o f  r o ta t io n  o f  the b e ta tr o n  cores could  
be so v a r ia b le .  I f  the output had a lr ea d y  been maximised by 
s u i t a b le  c o r r e c t io n ,  then a s m a l l • inhom ogeneity  in  the b e ta tro n  
c o r e s , s a y ,  e q u iv a le n t  to  10 s , would pr oduce a change in  
output o f  on ly  about db 15^, corresponding  to  the f l a t  top  
of th e  cu rves. I f ,  however, c o r r e c t io n  were poor, i t  i s  
p o s s ib le  fo r  the  output to  vary a cco rd in g  to  the s te e p  s lo p e
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on th e  s id e  o f the curves and produce v a r i a t io n s  o f  : t  200^* 
The 24 A*s r e q u ir e d  to  reduce the output to  50^ 
r e p r e s e n ts  a f i e l d  bump o f  maximum am plitude about 6 g a u s s .
At 2 8 ,5  kV. the i n j e c t i o n  o r b i t a l  f i e l d  s t r e n g t h  i s  57 g a u s s ,
. 13
and the bump i s  th e r e fo r e  about 10% o f  t h i s  v a l u e . K erst
has r e c e n t ly  c a r r ie d  out s im i la r  exp er im en ts  on an 80 MeV.
b e ta tr o n  w ith  s i x  r e tu rn  p a th s .  H is curves are very  s im i la r
to  th o se  in  f ig u r e  6 3 ,  but the bump req u ired  to  reduce the'
output to  50^ i s  0 .5  gauss f o r  an i n j e c t i o n  f i e l d  o f  22 g a u s s .
T his i s  some 2 .3 ^  o f  the i n j e c t i o n  f i e l d  and i s  a b o u t -^1/4 o f
the magnitude quoted  ab ove. H is curves show, however, th a t
on h i s  m achine, the in c r e a s e  in  y i e l d  produced by c o r r e c t in g
i s ,  u n l ik e  the 30 MeV. m achine, a lm ost n e g l i g i b l e . .
(h ) B e ta tro n  output as a fu n c t io n  o f  magnet e x c i t a t i o n  
f o r  v a r io u s  c o r r e c t in g  cu rr en ts  in  the  c o i l  
behind th e  gun.
I t  has been shown th a t  in  g e n e r a l ,  some form of  
phase c o r r e c t io n  i s  n e c e s s a r y  t o  o b ta in  good o u tp u t.  The 
magnitude o f  the phase c o r r e c t io n  p rov id ed  by the c o r r e c t in g  
c o i l s  shou ld  be ap p rox im ate ly  c o n s ta n t  w hatever the magnet 
e x c i t a t i o n ,  and i t  i s  th e r e fo r e  p o s s ib l e  th a t  optimum c o r r e c t io n  
s e t t i n g s  f o r  one va lu e  o f e x c i t a t i o n  may not be th o se  f o r  
a n o th e r .  Experim ents have been c a r r ie d  out t o  determ ine th e  
m agnitude o f  t h i s  e f f e c t  under two c o n d it io n s
( i )  f o r  a f i e l d  d i s t r i b u t i o n  r e q u ir in g  la r g e  
c o r r e c t io n  near the gu n;
i a i j z x l  jojo_
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( i i )  f o r  a f i e l d  d i s t r i b u t i o n  r e q u ir in g  sm all  
c o r r e c t io n  near the gun#
Norm ally , la r g e  c o r r e c t io n  i s  n e c e s sa r y  near the gun, but by 
m is a l ig n in g  the n e a r e s t  re tu rn  path  (No. 5 , f ig u r e  63) i t  was 
found p o s s ib le  to  reduce the req u ired  amp-turns from 40 to  
6 . For each experim ent the output was measured over a range  
o f  magnet cu rren ts  from 132 -  64 A, under the f o l lo w in g
c o n d i t i o n s ;-
V
( i )  c o r r e c to r  c o i l s  a d ju s te d  fo r  each  e x c i t a t i o n ;
( i i )  c o r r e c to r  c o i l s  a d ju s te d  f o r  132 A e x c i t a t i o n
o n ly ;
( i i i )  c o r r e c to r  c o i l s  a d ju s te d  fo r  64 A e x c i t a t i o n  on ly;
( i v )  no c o r r e c t io n .
The r e s u l t s  are p lo t t e d  in  f ig u r e s  64 and 65. From f ig u r e  64 ,  
i t  i s  obvious th a t  f o r  la r g e  c o r r e c t io n  near the gun, th ere  i s
l e a s t  v a r ia t io n  o f  output i f  c o r r e c t io n  i s  a d ju s te d  f o r  each
e x c i t a t i o n ,  but the v a r ia t io n  i s  n o t  much g r e a te r  i f  c o r r e c t io n  
i s  made f o r  the  peak cu rren t  o n ly .  I t  would be d i s a s t r o u s  to  
c o r r e c t  f o r  the lo w e s t  e x c i t a t i o n  o n ly .  For sm all c o r r e c t io n  
near the gun, the method o f  c o r r e c t io n  i s  not v ery  c r i t i c a l ,  
and e q u a l ly  good r e s u l t s  are ob ta in ed  by e i t h e r  c o r r e c t in g  a t  
each e x c i t a t i o n ,  or j u s t  a t  the peak v a lu e .
4 .  SYNCHROTRON OUTRJT AS A FUNCTION OF OPERATING PARAMETERS.
(a) Synchrotron output as à fu n c t io n  o f  the  
a p p lied  ra d io  fr eq u e n c y .
The two most im portant v a r ia b le s  which are l i k e l y  to
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a f f e c t  output i n t e n s i t y  are v o l ta g e  a c r o ss  th e  r e so n a to r  gap 
and th e  a p p l ie d  ra d io  fr eq u e n c y . U n fo r tu n a t e ly ,  no apparatus  
v/as a v a i la b le  f o r  m easuring e i t h e r  the gap v o l t a g e ,  or the  
in p u t power to  the r e s o n a to r ,  and a t t e n t i o n  cou ld  on ly  be g iv en  
to  v a r i a t io n  in  a p p lie d  fr e q u e n c y .
R eson ators  are  tuned  during  m anufacture to  a reson an t  
freq u en cy  o f a p p rox im ate ly  477 M es.,  correspond ing  to  an o r b i t  
ra d iu s  o f  10 cm. By use o f  the tu n in g  s tu b s  on the o s c i l l a t o r ,  
power of freq u en cy  ran g in g  from 465 Mes. to  540 Mes. v/as f e d  to  
the r e s o n a to r  in  the vacuum chamber, the n a tu r a l  freq u en cy  o f  
w hich was 481 M e s .,  and the r e s u l t s  are shown in  f ig u r e  66.
The la c k  o f  power m easuring equipment p reven ted  the  n o r m a liz in g  
o f  ou tp ut a t  each  freq u en cy  to  a g iv e n  in p u t power, and i t  i s  
v ery  l i k e l y  th a t  th e  in p u t power a t  the reson an t freq u en cy  i s  
g r e a te r  than a t  o th er  f r e q u e n c ie s .  In view o f  t h i s  and th e  
apparent h ig h  Ç) o f  the r e s o n a to r ,  the output o b ta in a b le  a t  
h ig h  f r e q u e n c ie s  i s  r a th er  rem arkable . Given t h i s ,  how ever, 
the g e n e r a l  shape o f  the curve i s  more or l e s s  what would be 
exp ected  f o r  th e  f o l lo w in g  r e a s o n s .  I f  the s t a b l e  o r b i t  i s  a t  
10 cm. ra d iu s  and the gun, sa y ,  a t  12 cms. ,  then i f  the  
synchronous o r b i t  i s  midway between th e  tw o, sw itc h in g  on the  
r a d io  freq u en cy  w i l l  induce o s c i l l a t i o n  o f  h a l f  am plitude 1 cm ., 
and p a r t i c l e s  w i l l  s t r i k e  the  gun. The r . f .  correspon d ing  
to  11 cm. synchronous o r b i t  i s  435 and t h i s  would be th e  lower  
cut o f f  freq u en cy  even i f  th e r e  were no other  o s c i l l a t i o n s
induced a t t r a n s i t i o n .  T h is  probably  accoun ts  f o r  th e  rap id
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f a l l  in  output a t  f r e q u e n c ie s  below 481 . For h igh er  f r e q u e n c ie s ,
the p rev io u s  rea so n in g  does n ot h o ld  because the b e ta tr o n  o r b it
c o n tr a c t s  as the  b e ta tr o n  cores  s a tu r a te  and by va ry in g  the
t im in g  o f  **r«f. on", such o s c i l l a t i o n s  can be a v o id ed . The
cut o f f  freq u en cy  here v/ould be th a t  corresponding  to  the ta r g e t
r a d iu s .  I f  the ta r g e t  i s  a t ,  sa y ,  8 .5  cm s., t h i s  freq u en cy
i s  565 Mes. The second maximum occu r in g  in  f ig u r e  66 a t  520 Mes.
i s  probably  due to  such a h igh er  reso n a n t mode occurin g  in  the
38r e s o n a to r .  A ccording to  Goward the h ig h e r  order modes 
appear a t  f r e q u e n c ie s  g iv en  by
1   <=>
where ^  = fundam ental mode freq u en cy
-  order o f  the mode
= w avelen gth  o f  the fundam ental mode in  the  
d i e l e c t r i c
5 = c ir c u m fe r e n t ia l  l e n g t h  o f  the r e s o n a to r .
For \  — 7 .2  cms. and S 12 cm s., ^ = 481 Mes. hence fo r
m = 1 ,  "9^  c: 560 Mes.
T h is  freq u en cy  i s  somewhat h ig h e r  than the 520 Mes. a t  which
the s u b s id ia r y  peak ap p ears . T his may be due to  the opposing  
e f f e c t  o f  synchronous ra d iu s  s h i f t .
That such h ig h e r  order modes do appear has been  
proved by m easuring the v o lta g e  induced in  a sm all movable 
c r y s t a l  r e c t i f i e r  probe p la ce d  near the re so n a to r  gap and
tli:
Pi
.4i7.0:Lyl3:/mo<
mode :
P o s i t i o n  r o u n d  c i r c u m f e r e n c e  o f  r e s o n a t o r
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f e e d ln g  the r e so n a to r  from a v a r ia b le  freq u en cy  low 'poT^ fer s ig n a l  
g e n e r a to r .  V o ltage  peaks were apparent a t  471 M es., the normal 
freq u en cy  o f  the chosen r e s o n a to r ,  and a t  520 Mes. The 
d i s t r i b u t i o n  o f  v o lta g e  round the  c ircu m feren ce  o f  the re so n a to r  
was un iform  f o r  the  fundam ental mode, and s in u s o id a l  f o r  the  
f i r s t  order mode, as shown in  f ig u r e  6 7 . This i s  the  
d i s t r i b u t i o n  to  be ex p ected  accord in g  to  Goward.
(b) Synchrotron output and vacuum chamber gas p r e s s u r e .
39Watson has c a r r ie d  out e x t e n s iv e  experim ents on the  
e f f e c t  o f  gas s c a t t e r  on X -ray  o u tp u t .  No such am b itiou s  
programme as h i s  has been attem pted  by the a u th o r , but an 
endeavour to  determ ine the maximum gas p ressu re  a t  w h ich  th e  
machine w i l l  o p era te  has been made. The method adopted was 
to  run the machine as a syn ch rotron  c o n t in u o u s ly  u n t i l  the  
output f e l l  t o  ze ro  and then to  measure gas p ressu r e  in  the  
donut as a fu n c t io n  o f  tim e a f t e r  s w itc h in g  o f f  the m achine.
To do t h i s ,  i t  was found n e c e s s a r y  to  f i r s t  l e t  th e  vacuum 
system  down to  a i r  p r e s s u r e ,  and then run the machine as soon  
as p o s s ib l e  a f t e r  sw itc h in g  on the pumps. I t  was on ly  by d o ing  
t h i s  th a t  s u f f i c i e n t  gas v;as l ib e r a t e d  during  o p e r a t io n  to  
in c r e a se  th e  p r e s su r e  g r a d u a l ly  u n t i l  the  output becomes z e r o .
A f a r  more e le g a n t  way would have been to  have conn ected  a 
c o n t r o l l e d  le a k  to  the  vacuum sy stem , but in  view  o f  Watson»s 
ex p er im en ts ,  would not have been j u s t i f i e d .  I t  i s  to  be 
ex p ected  th a t  w ith  no le a k  the v a r i a t io n  o f  p r e s su r e  w ith  time  
would be e x p o n e n t ia l  and g iv e n  by an e x p r e s s io n  o f  the  k ind
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fe “ ^  ^  $ but the exp er im en ta l r e s u l t s ,  p l o t t e d  on
s e m i- lo g  p ap er , as shown in  f ig u r e  68 , curve A, do n o t  form 
a s t r a i g h t  l i n e .  However, i t  i s  re a so n a b le  to  e x t r a p o la t e  the  
curve t o  ze ro  tim e and f o r  t h i s  p u rp ose , a p l o t  on an ex ten d ed  
time s c a l e  i s  g iv e n  in  curve B, g iv in g  a maximum p r e s su r e  o f  
1 1 .0  X 10"^ mm.Bg. I t  would appear from t h i s ,  t h e r e f o r e ,  t h a t  
th e  ma ch ine w i l l l  n ot op erate  a t  p ressu re  g r e a te r  than about  
1 0 “  ^ mm.Eg.
A lthough  n o t  d i r e c t l y  concerned w ith  t h i s  ex p er im en t,  
i t  may be w orth w h i le  p o s t u la t in g  th e  p o s s i b i l i t y  o f  the  
e x i s t e n c e  o f  a m in im u m elec tr ic  f i e l d  s t r e n g th  f o r  any b e ta tr o n  
belov; w hich  th e  machine would n ot o p e r a te .  Wats on *s curves  
show an e x p o n e n t ia l  v a r i a t io n  o f  output w ith  p r e s s u r e ,  w hich  
in d i c a t e s  th a t  p a r t i c l e s  e i t h e r  do not c o l l i d e  a t  a l l  d ur in g  
a c c e l e r a t i o n ,  o r ,  i f  th e y  d o , are l o s t .  I t  may, t h e r e f o r e ,  
be r e le v a n t  to  t a lk  o f  mean f r e e  p ath  o f  the p a r t i c l e s  a t  any  
energy  and a t  any gas p r e s s u r e .  The e l e c t r i c  f i e l d  s t r e n g t h  
determines^ the  d i s t a n c e  a p a r t i c l e  must t r a v e l  to  g a in  a g iv e n  
increm ent o f  e n er g y , and i f  t h i s  i s  g r e a te r  than the change in  
l e n g t h  o f  mean f r e e  p a th  f o r  t h i s  energy in crem en t, th e  p a r t i c l e  
would be l o s t .  In  o th er  w ords, f o r  the machine to  op erate  i t  
would seem from t h i s  argument th a t  ^
where ^ = d i s t a n c e  p a r t i c l e  has t o  t r a v e l
^  -  l e n g t h  o f  mean f r e e  p a th
Ê = p a r t i c l e  en ergy .
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5 . COMPARISON OF EFFICIENCY OF OPERATION 'WITH 
KERST 22 MEV. BETATRON.
K erst type 22 MeV. b e ta tr o n s  o p e r a t in g  in  America  
are r e p o r te d  t o  be y i e l d i n g  up to  200 ron tgen s  per m inute  
a t  1 Metre from the t a r g e t .  In  view  o f  th e  much low er  output  
o f  the 30 MeV. machine a t  th e  same en erg y , i t  i s  o f  i n t e r e s t  
to  c o n s id e r  the p o s s i b l e  so u r c e s  o f  d is c r e p a n c y  on th e  b a s i s  o f  
the p r e v io u s  exp er im en ts  and to  compare the  working e f f i c i e n c i e s  
o f  the m ach in es . The American b e ta tr o n s  are o p e r a t in g  a t  
180 r\j and w ith  an i n j e c t i o n  v o l ta g e  o f  60 -  70 kV. I f  th e  
output v a r i e s  l i n e a r l y  w ith  su p p ly  fr e q u e n c y ,  the  b e ta tr o n s  
g a in  a f a c t o r  o f  3 . 6 .  A ccord ing  t o  the curve in  f i g u r e  57 
in c r e a s in g  th e  syn ch ro tron  i n j e c t i o n  v o l t a g e  to  60 kV. from  
the normal v a lu e  o f  30 kV. would in c r e a s e  th e  ou tp ut by a 
f a c t o r  o f  2 ,  as a l s o  would removal o f  the r e s o n a to r .  Assuming  
the e f f i c i e n c y  o f  b e ta tr o n  to  syn ch rotron  t r a n s i t i o n  i s  100^  
and a l s o  th a t  the o th er  f a c t o r s  are independent o f . e a c h  o th e r ,  
then r a t i o  o f  b e ta tr o n  to  syn ch ro tron  ou tp ut would be 14#6 : 1 .  
The t r a n s i t i o n  e f f i c i e n c y  i s  probably  n ot much g r e a te r  than  
50^ in  p r a c t i c e ,  g iv in g  a r a t i o  o f  2 9 .2  : 1 .  The a c t u a l  r a t i o  
o f  ou tput i s  25 : 1 f o r  the h ig h e s t  reco rd ed  syn ch rotron  
output o f  8 ron tgen s per m inute a t  1 M etre, and 40 : 1 f o r  
the average output o f  5 ro n tg en s  per m in u te . Hence the  
working e f f i c i e n c y  o f  them achines i s  prob ably  n ot very  d i f f e r e n t .
6 . CONCLUSIONS.
The main c o n c lu s io n s  to  be d e r iv e d  from the
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exp er im en ts  d e s c r ib e d  a r e :-
1 .  There i s  a minimum th r e s h o ld  gun em iss io n  below w hich  the  
output i s  n e g l i g i b l e .
2 .  The output in c r e a s e s  l i n e a r l y  w ith  i n j e c t i o n  v o lta g e  
p r o v id in g  the gun e m is s io n  i s  a d ju s te d  to  the  optimum v a lu e .
3 .  I n j e c t i o n  t im in g  i s  c r i t i c a l  to  w i t h in  a f r a c t io n  o f  a ^ . s e c .
4 .  An in c r e a s e  in  ou tp ut o f  a f a c t o r  o f  2 i s  to  be ex p ec te d  
by the  use o f  a w a l l ,  r a th e r  than an in te r n a l  r e s o n a to r .
5 . The output v a r i e s  w ith  the  gun r a d iu s ,  but not v ery
c r i t i c a l l y .  The b e s t  r a d ia l  p o s i t i o n  o f  th e  gun, w i t h  no 
r e s o n a to r  in  th e  chamber, i s  in  the r e g io n  where ’W ’ = 1 .  
There i s  a r e d u c t io n  o f  25)  ^ in  ou tp ut f o r  a ±  5 mm.
movement o f  the  gun from the optimum s e t t i n g .
6 . B e ta tro n  core gap s e t t i n g  i s  v ery  c r i t i c a l ,  th e r e  b e in g  a
2b% r e d u c t io n  in  output f o r  a 0.014" e r r o r ,  correspon d in g
to  an e q u i l ib r iu m  o r b i t  s h i f t  o f  0 .1 5  o f  the a v a i la b le  
donut annular sp a c e .
7 . B e ta tr o n  core v e r t i c a l  h e ig h t  a f f e c t s  o u tp u t ,  but the
adjustm ent i s  not c r i t i c a l ,  th ere  b e in g  a 25^ r e d u c t io n
f o r  a ^  5 mm. movement from the  optimum s e t t i n g .
8 . M agnetic  f i e l d  phase c o r r e c t io n  i s  n e c e s s a r y  to  o b ta in
a good y i e l d ,  e s p e c i a l l y  im m edia te ly  beh ind  the  gun. A
f i e l d  bump o f  peak v a lu e  10% o f  the t o t a l  i n j e c t i o n  f i e l d
i n t e n s i t y  w it h  an approxim ate l i n e a r  d i s t r i b u t i o n  down to  
z e r o  a t  — 50^ a z im u th a l ly  on e i t h e r  s id e  o f  the peak
red u ces  the output to  50%.
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9 . I t  i s  b e s t  to  c o r r e c t  f i e l d  phase a t  the e x c i t a t i o n  a t  
w hich th e  machine i s  b e in g  o p e ra te d , but i f  t h i s  i s  not  
c o n v e n ie n t ,  th en  i t  sh ou ld  be c o r r e c te d  a t  the h ig h e s t  
e x c i t a t i o n .
1 0 .  The a p p l ie d  R .F . freq u en cy  i s  not c r i t i c a l ,  a r e d u c t io n  
o f  25% in  output b e in g  o b served  f o r  about t  1% er r o r  
in  fr e q u e n c y .
1 1 .  The maximum chamber p r e s su r e  a t  w hich  the  machine w i l l '
—4o p era te  a t  a l l  appears t o  be about 10 ram.Hg.
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CHAPTER V U
THE INFLUENCE OF CURRENT AND CHARGE IMAGES ON 
THE MAXimM THEORETICAL BEAM CURRENT IN THE 
50 MEV, SYNCHROTRON. ^
SUMMARY
P rev io u s c a lc u la t io n s  by o th er  w orkers on th e  
maxinum p o s s ib le  charge th a t  can be a c c e le r a t e d ,  have a l l  
ig n o red  th e  in f lu e n c e  o f  image cu rren ts  and charges*  In  t h i s  
ch a p ter  an o r ig in a l  in v e s t ig a t io n  i s  made to  d eterm in e the  
p o s s ib le  m agnitude o f  th e  e f f e c t  o f  su ch  im ages in  th e  30 MeV* 
sy n ch ro tro n , in  p a r t ic u la r  a s  a fu n c t io n  o f  the in j e c t io n  
v o lta g e *  I t  i s  found th a t  th e  r e d u c t io n  in  th e  maximum charge  
i s  by no means n e g l i g i b l e  and in c r e a s e s  w ith  th e  in j e c t io n  
v o lta g e  in  su ch  a way a s  to  m a in ta in  th e  r e la t io n  betw een  
maximum charge and i n j e c t io n  v o lta g e  l in e a r  in d e p e n d en tly  o f  
th e  m agnitude o f  th e  la t t e r *  T h is  i s  in  s t r ik in g  c o n tr a s t  
w ith  th e  r a p id  r i s e  o f  maximum charge a t  h ig h  in j e c t io n  
v o lt a g e s  w h ich  would be ex p ec ted  i f  th e r e  w ere no im ages*
1 .  GENERAL
The o n e , u n s o lv e d , m ajor problem  concerned  w ith  
b e ta tr o n s  and b e ta tr o n  s t a r t e d  sy n c h r o tr o n s , i s  th e  mechanism  
o f  p a r t i c l e  i n j e c t i o n .  The th eo ry  o f  in j e c t i o n  a s  f i r s t  worked  
ou t by K erst and B erber showed th a t  when p a r t i c l e s  are  
in j e c t e d  o f f  th e  e q u ilib r iu m  o r b i t ,  t h e ir  m otion  c o n s is t s  o f
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s lc w ly  damped o s c i l l a t i o n s  about an in sta n ta n eo u s o r b it  th a t
sh rin k s or expands towards the eq u ilib r iu m  o r b it .  On the b a s is
o f th is  th e o r y , i t  seemed th a t  in  order f o r  th e  p a r t ic le s  to
av o id  s t r ik in g  the in j e c t o r  on subsequent r e v o lu t io n s ,  the
in je c t io n  v o lta g e  must be kept low and the energy g a in  per
tu r n , h ig h . K erst and Berber soon foun d , how ever, th a t in
p r a c t ic e ,  n o t on ly  cou ld  h ig h er  in j e c t io n  v o lta g e s  be u sed  than
th ey  had f i r s t  th o u g h t, but t h a t ,  in  f a c t ,  the ou tput in cr ea se d
w ith  in c r e a s in g  in j e c t io n  en erg y .
The o r ig in a l  th eory  i s  e s s e n t i a l l y  a s in g le - e le c t r o n
th e o ry , but experim ents such as th e  e f f e c t  o f  gun em iss io n  on
X -ray output d esc r ib ed  in  the p rev io u s ch a p ter , in d ic a te  th a t
la r g e  c ir c u la t in g  cu rren ts are n ece ssa r y  fo r  s u c c e s s fu l  in j e c t io n  
40and K erst h im s e lf  has su g g ested  a s e m i-q u a n t ita t iv e  theory  
based on e le c t r o n  in te r a c t io n  to  account fo r  s u c c e s s fu l  
in j e c t io n .
Of a d d it io n a l in t e r e s t  to  the a c tu a l meonanism o f
in j e c t io n ,  i s  th e  problem  o f  the maximum c ir c u la t in g  charge
th a t  can be a c c e le r a te d  in  any g iv en  m achine, ir r e s p e c t iv e  o f
how the charge i s  in j e c t e d .  T h is problem has a ls o  r e c e iv e d
some a t te n t io n  from K erst and Berber ( l o c .  c i t . )  but has been
41stu d ie d  ra th er  more com prehensively  by B le w e tt . I t  seems 
from t h e ir  c a lc u la t io n s  th a t  th e  t h e o r e t ic a l  charge l im i t  i s  
much g r e a te r  than has ever  been ach ieved  in  any working  
a c c e le r a t o r .  The main o b je c t  o f  t h i s  chapter i s  to  g iv e  
fu r th e r  stu d y  to  th e  t h e o r e t ic a l  charge l im i t a t i o n ,  w h i ls t  th a t
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o f  th e  fo l lo w in g  ch a p ter  i s  to  c o n s id e r  the a c tu a l  in j e c t io n  
p r o c e s s .
In  the c a lc u la t io n  o f  th e  inaximum c ir c u la t in g  
cu rren t th a t  can be a c c e le r a t e d ,  K erst and B lew ett  have  
co n sid ered  the e f f e c t  o f  the m agn etic  g u id in g  f i e l d ,  e l e c t r o ­
s t a t i c  r e p u ls io n  and e le c tr o m a g n e t ic  a t t r a c t io n  w ith in  th e  
ch a rg e . B u t, a s f a r  a s can be s e e n , th ere  appears to  be no 
rea so n  why, a s th e  e le c t r o n s  a re  t r a v e l l i n g  n ear p o le  f a c e s  
w ith  h ig h  p e r m e a b ility  and c o n d u c t iv i ty ,  image cu r r e n ts  and 
ch arges sh o u ld  n o t p la y  a p a r t .  These im ages w i l l ,  in  g e n e r a l ,  
produce d e fo c u s s in g  fo r c e s  te n d in g  to  reduce th e maximum beam 
c u r r e n t , and in  the fo l lo w in g  in v e s t ig a t io n  an a ttem p t haa 
been made t o  c o n s id e r  th e  q u a n t i t a t iv e  e f f e c t  o f  th e  im ages 
on th e  maximum cu rren t th a t  can be a c c e le r a te d  in  th e  30 MeV. 
sy n c h r o tr o n . For th e  purposes o f  th e  i n v e s t ig a t io n ,  a number 
o f  s im p li f y in g  assu m p tion s has been  made as f o l l o w s : -
( i )  th a t  th e  im portant tim e i s  a t  i n j e c t i o n ,  when th ere  i s  
more charge in  th e  donut than a t  any o th e r  tim e and th e  
g u id in g  f i e l d  i s  w ea k est;
( i i )  th a t  th e  charge i s  u n ifo rm ly  d is t r ib u t e d  th rou gh ou t
th e c r o s s - s e c t io n  o f  the d o n u t, and around th e  o r b i t ,  
and t h a t ,  though in d iv id u a l  e le c t r o n s  w i l l  be 
o s c i l l a t i n g ,  th e  n e t  e f f e c t  on any p a r t i c l e  w i l l  be 
as though  th e r e  were no o s c i l l a t i o n s ;
( i i i )  th a t  th e  e f f e c t i v e  p e r m e a b ility  o f  th e  ir o n  and a l s o  
i t s  c o n d u c t iv i ty  are s u f f i c i e n t l y  la r g e  fo r  th e  image
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cu rren ts  and charges to  be equal in  m agnitude to  the  
a c tu a l c i r c u la t in g  cu rren ts  and ch a rg es . I t  may be 
n oted  th a t th e  g u id in g  p o le  fa c e  i s  la m in a ted , but 
the p lan e o f  the la m in a tio n s  i s  in  th e  p lane o f  the  
m agnetic f i e l d  due to  the c ir c u la t in g  cu rren t;
( iv )  th a t  though the p a r t ic le s  are moving a t  h ig h  v e l o c i t i e s  
where r e l a t i v i s t i c  e f f e c t s  ap pear, the t o t a l  fo r c e  due 
to  the two s e t s  o f  images can be c a lc u la te d  as though  
each  were co m p lete ly  independent o f  th e  o th e r ;
(v ) th a t  th e  e f f e c t  o f  re ta rd ed  p o t e n t ia ls  can be ign ored  
becau se the p a r t i c l e s  are u n ifo rm ly  d is t r ib u te d  and 
are moving in  c ir c u la r  o r b it s ;
( v i )  th a t the e f f e c t  o f  the con d u ctin g  co a tin g  on th e  donut 
w a ll  can be o m itted .
2 .  PRELIMINARY SURVEY OF THE PROBLEM, CONCERNING
IMAGE CURRENTS ONLY. ' ....
(a )  Method o f  c a lc u la t io n .
As a f i r s t  approach, the d e fo c u ss in g  f i e l d  due to  
cu rren t images w i l l  be compared w ith  th e  m agnetic  g u id in g  
f i e l d  in t e n s i t y  to  determ ine i f  the form er i s  l i k e l y  to  be o f  
any s ig n i f i c a n c e .
The e a s ie s t  way o f  d eterm in in g  the f i e l d  due to  
cu rren t images i s  to  c a lc u la te  th e  t o t a l  v e c to r  p o te n t ia l  and 
th en  to  d e r iv e  i t s  c u r l .
The r e le v a n t  b a s ic  eq u a tio n s are g iv e n  b elow , fo r
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s te a d y  cu rren t c o n d it io n s .
. dJi = Æ i t  I     ( 1  )
(2 )
B = cu r l X  ...................     « • • • ( 3 )
S  « y u t l  .......................................................................(4 )
From (1 )  and (2 )  J^CAA^H.di ^ 4 î f l l , but X  • J ^ t . d S
.  . cu r l H = 4 n Z  .................................. . . . . . . . . . . . . . . . ( 5 )
where Z = cu rren t d e n s ity  in  e.m .u#
From (3 )  and (4 ) cu r l B = ji cu r l H ( in  a homogeneous medium)
= cu r l cu rl A
= gradciiv A -  V^A = •  V^A s in c e  A i s
chosen  
th a t  dN
ap
IV X  » 0 .
= 4ÏÏM.Ô
Hence -  V* A s  4 ( Poi sson' s e q u a t io n ) . . . . .  (6 )
A s o lu t io n  to  t h is  eq u a tio n  can be ob ta in ed  by com parison w ith  
the e q u iv a le n t  eq u a tio n  f o r  e l e c t r o s t a t i c  ch a rg es .
In  a i r ,  the p o t e n t ia l  a t  a p o in t  P due to  charge  
d e n s ity  in  an elem ent o f  volume Xu- i s  g iv e n  by dV z 
where ^  = d is ta n c e  from th e  elem ent to  P. The p o t e n t ia l  a t  P 
due to  a l l  charges in  space ^  f  and t h is  s a t i s f i e s
Pois80n*3 eq u ation  « -  4 tT
F ig u r e  ^
W W W W W W W W W W v W W
CG.of-|fcharg«" ^
C.G. o lJ fc h a rg t" a
wm w w vrw m xTvxvm xx
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A T  r  ^By com parison A ~ ^  I
/ Jv
I f  the cu rren t i s  l im it e d  to  a w ire  o f  c r o s s - s e c t io n  ,
then  d£) where ^  i s  p erp e n d icu la r  to  c6S
but u .n .c iS  = I ( t o t a l  cu rren t through  the w ir e ) 
and A -  ytv^  %.<?(&  . • . • • • . • • • • . . . ( 7 )
E q u ation  (7 ) e n a b le s  the v e c to r  p o t e n t ia l  to  be d eterm in ed ,
from w hich by u s in g  eq u a tio n  ( 3 ) ,  th e  components o f  the f i e l d
can be fou n d .
(b ) A p p lic a t io n  to  the problem  assum ing
c y l in d r ic a l  symmetry.
( i ) A f i r s t  a p p ro x im a tio n .
In  th e  sy n ch ro tro n , p a r t i c l e s  are a c c e le r a te d  in
c ir c u la r  o r b it s  and th ere  i s  c y l in d r ic a l  symmetry. I f ,  as a
f i r s t  approxim ation  i t  i s  assumed th a t  the c r o s s - s e c t io n  o f
th e  beam i s  v ery  s m a ll , then  the v e c to r  p o t e n t ia l  can be
c a lc u la te d  in  the same way as th a t  o f  a th in  c ir c u la r  w ire
42f o l lo w in g ,  f o r  exam ple, th e  method o f  Smythe.
C onsider th e  diagram  in  f ig u r e  6 9 . The w ire  forms 
a c i r c l e  o f  ra d iu s  in  the Xy p lan e and c a r r ie s  a cu rren t  
o f  m agnitude I e .m .u . I t  i s  r e q u ir ed  to  determ ine th e  v e c to r  
p o t e n t ia l  a t  the p o in t  P.
From sym metry, the t o t a l  m agnitude o f Z" a t  P i s  
in depend en t o f  , the azim u th a l o r ie n ta t io n  o f  
P, and th e r e fo r e  fo r  s im p l i c i t y ,  P can be chosen  
in  the XZ p lan e where jHf = 0 .
When e q u id is ta n t  e lem en ts oÆ a t — ^  are p a ir e d , the
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re 8u l ta n t  i s  p erp en d icu la r  to  • i . e .  Z has o n ly  
a s in g le  component
L et d l ^  be the component o f  d l  in  t h is  d ir e c t io n .
Then j  and -  a,c<ra ^ ot^
• . From eq u a tio n  (7 )
A ,
L et fi «TT-f^Ô, = JdÔ and cos )6 
Then /I. = 4coyu ,I d e  .
L et fc*" = 4ays—
toon A,, =
= 4 ^ l ( » ^ y « [ ( c - < i î ) k - £ ]   (8 )
K and £ are com plete e l l i p t i c  in t e g r a ls  o f  th e  f i r s t  and 
second k in d .
To determ ine the m agnetic  in d u c t io n , the components o f  th e  
c u r l in  c y l in d r ic a l  c o -o r d in a te s  are req u ired  as g iv e n  below .
4" = j
= -   ^ j
:  O
Bz -  )
) ....................................... ( 9 )
+z
( > l
F i g u r e  7 I
r'
NWWWWWW'WWWWWWW 
--------------- -Il--------------- \
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In  the a p p l ic a t io n  o f  eq u a tio n s  (8 )  and (9 )  to  the sy n ch ro tro n , 
i t  w i l l  be assumed as a f i r s t  rough ap proxim ation  th a t  the  
charge i s  u n ifo rm ly  d is t r ib u t e d  over th e  donut X -s a c t io n  and 
th a t  each  h a l f  o f  th e  charge above and below  th e  m edian p la n e  
can be regard ed  as h a v in g  a " c e n tre  o f  gravity*^ a t  1 /4  th e  
t o t a l  charge th ic k n e s s  from th e  median p la n e , as shown in  
f ig u r e  7 0 , I f  i t  be fu r th e r  assumed th a t  the r a d ia l  th ic k n e s s  
o f  th e charge i s  n e g l i g i b l e ,  th en  the c ir c u la t in g  cu rren t and 
i t s  prim ary im ages can be r e p r e se n te d  by th e  diagram  in  f ig u r e  
7 1 , where 1 and 2 are tn e  two h a lv e s  o f  th e  c i r c u la t in g  cu rren t  
and l a ,  l b ,  2a and 2 b , are  th e  cu rren t im ages. I t  i s  n e c e s s a r y  
t o  c o n s id e r  th e  f o r c e ,  or f i e l d ,  a t  1 due to  2 ,  i a ,  2 a , lb  and 
2 b , Images o f  images w i l l  be n e g le c t e d . The main e f f e c t  o f  
th e  im ages w i l l  be to  produce a x ia l  d e fo c u s s in g  f o r c e s  and th e  
component o f  the in d u c t io n  (eq u a tio n  9) o f  i n t e r e s t ,  i s  6^ . 
For t h i s  exam p le, ^  » 10 cms, ,  and jM ■ 1«
h ence B .=  f ^  c  ]  ( 1 ° )
To c a lc u la t e  th e  m agnitude o f  6^ i t  i s  n e c e s sa r y  to  know I ,  
the c i r c u la t in g  c u r r e n t , and fo r  t h i s  the w o rst c o n d it io n  th a t  
cou ld  e x i s t  w i l l  be assum ed, nam ely , th a t  a l l  th e  charge  
in j e c t e d  from  th e  gun d u rin g  th e  p u lse  a c t u a l ly  c i r c u la t e s  fo r  
a s h o r t  tim e and b u ild s  up th e  maximum c ir c u la t in g  c u r r e n t. 
Assume th a t  th e  in j e c t io n  en ergy  -  30 kV,
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Peak in j e c t io n  cu rren t = 300 mA#
I n j e c t io n  tim e « 5 u s e e s .
O rbit ra d iu s  « 10 cm.
I f  ^  where t/ i s  th e  v e l o c i t y  o f  the in j e c t e d  p a r t i c l e s ,
th en  f o r  30 kV. ^  a* 0 .3  and th e  number o f  r e v o lu t io n s  w hich  
th e  f i r s t  b u r s t  o f  charge w i l l  have perform ed in  5 u s e e s .
^  0 .3  z  3 X 10^° X 5
10® X  2 n* X  10
The t o t a l  e f f e c t i v e  c i r c u la t in g  cu rren t w i l l  be t h i s  
number m u lt ip l ie d  by the peak e m is s io n .
I . e .  0 r5 ..^ ..q ..5 .x ,5 „ x  1 0 ^ 0 ^ 5  ^ g i  e .m .u .
10^ X  2 X  10 X  10
I f  the t o t a l  cu rren t i s  regarded  as b e in g  s p l i t  in to  
two equal h a lv e s ,  th e v a lu e  o f  I  to  be s u b s t i t u te d  in  
eq u a tio n  (1 0 ) » 10 e .m .u .
The d is ta n c e  betw een p o le  f a c e s  in  th e  30 MeV. 
sy n ch ro tro n  = 5 cm ., and i f  i t  be supposed  th a t  th e  charge can 
approach to  w ith in  0 .5  cm. o f  the ir o n  f a c e ,  the v a lu e s  o f  ^  
co rresp o n d in g  to  th e  c i r c u la t in g  cu rren t and i t s  im ages w i l l  • 
be as g iv e n  in  ta b le  V I. T h is ta b le  a l s o  shows num erica l 
v a lu e s  o f  Byo computed f o r  the v a r io u s  v a lu e s  o f   ^ by f i r s t  
f in d in g  6. from w hich  k  and Ê can be d eterm in ed  and then  
s u b s t i t u t e d  in  eq u a tio n  ( 1 0 ) .
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C u rr en t ^  k  = '6  N u m er ic a l v a lu e  o f  6/?
2 2 0 .9 9  0 .9 9 5  84° 12» - 9 .5  g a u ss
2b 5 0 .9 4 2  0 .9 7 0  7 6 °  - 3 .3  g au ss
lb  7 0 .8 9 0  0 .9 4 4  70® 48» - 2 .0 5  gau ss
l a  3 0 .9 7 8  0 .9 9 0  81° 54» 6 gau ss
2a 5  by symmetry w ith O ^ j^ ^
3 -3  gau ss
T ab le Vi
F orces towards Z - are c a l le d  n e g a t iv e ,  and th o se  towards 2:^ 
are c a l le d  p o s i t i v e .  I t  w i l l  be seen  th a t  the f i e l d  due to  
the cu rren t a lo n e  = - 9 . 5  g a u s s , and i s  a fo c u s s in g  f o r c e ,  
w h i l s t  the t o t a l  n e t  f i e l d  w ith  im ages * - 5 .5  g a u ss . T h is  
means th a t  though th e  fo r c e  i s  s t i l l  a f o c u s s in g  o n e , i t s  
m agnitude has been  reduced  by a lm o st a f a c t o r  o f  2 ,  and hence  
fo r  th e  c o n d it io n s  assum ed th e  e f f e c t  o f  the im ages i s  n ot  
n e g l i g i b l e .
( i i )  A b e t t e r  a p p rox im ation .
In s te a d  o f  c o n s id e r in g  l i n e  cu rren ts  we may c o n s id e r  
s h e e t  cu rren ts  in  w hich a l l  e le c t r o n s  have th e  same o r b it  
ra d iu s  a and o n ly  t h e ir  p o s i t io n s  d i f f e r .  F igure 72 shows 
the a p p ro p r ia te  diagram  o f  th e  cu rren t w ith  i t s  prim ary im ages, 
Suppose as b e fo r e , th a t  the t o t a l  cu rren t = I  e .m .u .
Then the cu rren t e lem en t betw een  ^ and
C onsider a p o in t  a t  ^  ^  and ^  « a t ^  Each cu rren t
elem en t w i l l  produce a f i e l d  a t  t h i s  p o in t  and th e
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t o t a l  f i e l d   (1 1 )
C o n sid er in g  prim ary im ages o n ly , the in t e g r a l  b ou n d aries a r e ,
( i )  f o r  c i r c u la t in g  cu rren t  
^  ^  &
( i i )  1 s t  image w ith  X-#- fa c e
( i i i )  1 s t  image w ith  X -  fa c e
^
Prom e q u a tio n s  (1 0 ) and ( 1 1 ) ,
  11:1
B efore  in t e g r a t in g  i t  i s  n e c e s sa r y  to  o b ta in  an e x p r e s s io n  
in  term s o f  k  .
z 4 a.*-
A ^ ’¥‘
. .  Jlk,<£k % -  (4a^
i
i f e .  .  = - ^ . d z L
and dx = -4'GL\ d k .
Again k "  ^
a -  k*- 
a -  at*
a l s o  _:2g_ a _2 |----  .  fc
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Hence |^- K. - h 2 - k ^  ^ d k
=/i
= - ^  [ f - K A t  + fld y s ^  -  /% A ^
= :ir[f<dyc L  ^ rgdx. ] ..................... (13)
(  Ir  ^  >0 J
V
A ccord ing to  Jahnke und Emde,
k i */ 
/#v
...................................................................................
and I — d-jc* ^/>e k..   (1 5 )
x)
There i s  no v a lu e  g iv e n  f o r  I ê Â lL  b u t t h i s  may beJ
o b ta in ed  as f o l lo w s .
Suppose
Then K. s  u-, and ûh*< » d k . 
a l s o  A t  -  d v ,  and V" =
- 1 3 8 -
= -fr f ^Lcb^ . . . . . . . . . . . . . . . . . .  (1 6 )
s in c e  a cc o rd in g  to  Jabnke und Emde, = _ ê —
dx. (i->c)
Again a c c o rd in g  to  Jahnke und Emde,
is  f a M r _ 5 A a «  .
fâfx.ë>dM >  _  r e  d x , _ 5 « / ,
. n d h » c e   ' ! ’ )
S u b s t i t u t in g  in  eq u a t io n  (16 )
and from eq u a tio n  (14 )
(18)
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= = V i  *  '‘ ' ' - Î -K X  ]   (1 9 )
_ _  where T I s  the d i s t a n c e  from the p o in t  a t
4a? Y  ^
w hich  one r e q u ir e s  the v a lu e  o f  .
T h is  i n t e g r a l  d iv e r g e s  when » 0 ,  a s  k  becomes «=o .
The o r i g i n a l  d e f i n i t i o n  o f  was = 4 - a
but the s i m p l i f i c a t i o n  has been  made thax ou * ^  .  Thus when 
■g- = 0 i t  seems th a t  the f i n i t e  d im en sions o f  the cu rren t are  
not b e in g  taken  i n t o  accoun t and the  f i e l d  th e r e f o r e  appears  
to  become i n f i n i t e .  In  o th er  w ords, the form ula f o r  B^ o 
(e q u a t io n  10 ) i s  o n ly  v a l i d  f o r  p o in t s  o u ts id e  the c u r r e n t .
Between th e  i n t e g r a l  b oun d ar ies  th e r e
i s  a p o in t  where ^  » 0 .  A s, how ever, th e  fu n c t io n  6 ^ ( t o t )  i s  
sym m etrica l w ith  r e s p e c t  to  ^ « 0 ,  ten d in g  towards a t
one s id e  and -  cO a t  the o th e r ,  i t  i s  l e g i t i m a t e  t o  in t e g r a t e  
through ^  s  0 .
Suppose i t  i s  d e s ir e d  to  f in d  6 j o ( t o t )  a t  a p o in t
d i s t a n t  1 cm. from the median p la n e ,  as  in  the p rev io u s
c a l c u l a t i o n .  The i n t e g r a l  l i m i t s  then  become
)
7
-  - z  J
h  - ^ 6
?  - + 2  J
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In the a p p l i c a t io n  o f  eq u a t io n  (19) i t  i s  n e c e s s a r y  to  determ ine  
A. f o r  sm a ll  v a lu e s  o f  and a l s o  K f o r  v a lu e s  o f  k ^ n ear  to  
u n i t y .
We know th a t
hence f o r  sm all v a lu e s  o f  ^
 ^  (20 )
A ccord ing  to  Jahnke und Emde, K * * a l s o  k -
Z  & 0Do(
fe'" = / - fe "
V alues o f k ,  k% K and £* f o r  the  r e q u ir ed  in t e g r a l  l i m i t s  
are g iv e n  in  t a b le  V l l .
k k" K £
1 0 .9 9 8 8 0 .9 9 7 5 4 .3 8 1 . 0
3 0 .9 9 0^978 3 .3 1 1 .0 3
6 0 .9 5 6 0 .9 1 6 2 .6 6 1 .0 9
2 0 .9 9 5 0 .9 9 3 .7 0 1 .0 2
4 0 .9 8 0 .9 6 2 3 .0 4 1 .0 5
8 0 .9 2 8 0 .8 6 2 2 .4 3 1 .1 4
Table V l l
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Assuming, as b e fo r e ,  t h a t  the cu rren t can approach w ith in
0 .6  cms. o f  the p o le  f a c e s ,  then t  » 4 .0  cms. A lso ,  as  
p r e v io u s ly ,  the t o t a l  c i r c u la t in g  current « 20 e .m .u .
Hence f S o l t S l  m ^ o ' f  +4--^ x 0 -1 9 ^^
L r T  | L o <î 9 9 î  0 . 9 ^ g 8 j  L 0-91 o-mJ
= - 1 1 .3  g a u ss ,  g iv in g  a fo r c e  d ir e c t e d  
towards 2  -  a x i s .
= l o  f[5i±2S4.
L ‘ 4- / I 0 .9 SJS J i  0-99^.
= 9 .6  gauss -  a f o r c e  d ir e c t e d  towards 
the Z -h a x i s .
[vs —
-  - 6 .6  g a u s s ,  g iv in g  a fo r c e  d ir e c t e d  
towards the z -  a x i s .
The n e t  t o t a l  6^ = - 7 . 3  gauss and produces a f o r c e  d ir e c t e d  
towards th e  x -  a x i s ,  o f  magnitude not very  d i f f e r e n t  from  
th a t  ob ta in ed  w ith  the o r i g in a l  approxim ation .
The two r e s u l t s  su g g e s t  t h a t ,  under the  assumed 
c o n d it io n s  the f i e l d  due to  image cu rren ts  would be by no 
means n e g l i g i b l e  and th a t  fu r th e r  in v e s t i g a t i o n  i s  worth w h i le .  
However, as the  p rev io u s  c a lc u la t io n s  c l e a r l y  in d i c a t e .
F ig u re
tn  
In  n
ro
tsl
I
F i g u r e  7 l |
F ig u re  75
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t r e a t i n g  the  problem as one w it h  c y l i n d r i c a l  symmetry i s  b o th  
lo n g  and t e d io u s .  Hence, b e fo r e  p a s s in g  on t o  a more com plete  
s u r v e y ,  a f u r th e r  c a l c u la t i o n  on cu rren t  images w i l l  be c a r r ie d  
out to  d eterm in e i f  i t  i s  p e r m is s ib le  to  s i m p l i f y  and sh o r te n  
the work by c o n s id e r in g  the  problem in  terms o f  a c a r t e s ia n  
sy stem .
( c )  A p p l ic a t io n  to  the problem as a c a r t e s ia n  sy s te m .
I t  i s  r e q u ir e d  to  know, f i r s t  o f  a l l ,  the v e c to r  
p o t e n t i a l  f o r  a s t r a i g h t  cu rren t  e le m e n t.
C onsider the diagram  in  f ig u r e  7 3 .  The v e c to r  
p o t e n t i a l  a t  a p o in t  P d i s t a n t  from a s t r a i g h t  cu rren t  
f i la m e n t  in  the y  d i r e c t i o n  i s  g iv e n  by
Ay ^  If-
where T  •
from w hich  Ay = . . . . . . . . . . . . . .  (21 )
E quation  (2 1 )  can be a p p l ie d  d i r e c t l y  t o  the syn ch ro tron  
problem p r o v id in g  the  same assum ptions are made reg a rd in g  
cu rren t  d i s t r i b u t i o n  as f o r  th e  f i r s t  ap prox im ation  in  s e c t i o n  
2 ( b ) .  The a p p r o p r ia te  diagram  i s  g iv e n  in  f ig u r e  7 4 .  As 
b e f o r e ,  th e  r e s u l t a n t  f i e l d  a t  P  due t o  2 ,  l a ,  2 a ,  lb  and 2 b ,  
i s  re q u ir ed  and th e  magnitude d eterm in ed  when P c o in c id e s  
w ith  1 .
The v e c to r  p o t e n t i a l  a t  "S^due to  the  cu rr en ts
2 ,  l a ,  2 a ,  lb  and 2 b , i s
-*143—
Aj r k  + A l  -f,  ^iorj y-i. f ■'r]
For the p a r t i c u la r  d im en sion s chosen  t h i s  becomes
-H io^ £ K* +( •» /  y
6>c Z
. ■ -  ■ '^' '
6 ,c  = A I  -  ^  +  J±4- 6L±i_ + L ± ^  I
( >e+(i*-j) icMk-j?’ K.-^ ('+5r x.'-+i4-*-^ r J
When P  i s  moved t o  th e  p o s i t i o n  o f  cu rr en t  1 ,  
th en  6 ^ =  j  =
When I i s  assumed = 10 e . m . u . ,
then  a
T h is  va lu e  compares v e r y  fa v o u r a b ly  w ith  th a t  o f  5 .5  gau ss  
g iv e n  by the p rev io u s  c a l c u l a t i o n ,  and i t  i s  r e a so n a b le  to  
conclude t h a t  f o r  a l l  fu r th e r  c a l c u l a t i o n s  i t  i s  p e r m is s ib le  
t o  use  the c a r te s ia n  sy s te m .
3 .  A MORE COMPLETE SURVEY OF THE PROBLEM.
For fu r th e r  i n v e s t i g a t i o n  i t  w i l l  be assumed t h a t  
the f o r c e s  a c t in g  on the c i r c u l a t i n g  charge a r e : -
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(1 ) The e lec tr o m a g n e t ic  f o c u s s in g  fo r c e  due to
the m agnetic  f i e l d  o f  the c i r c u la t in g  current  
in  f r e e  space#
( i l ) The e l e c t r o s t a t i c  d e fo c u ss in g  fo rce  o f  the 
charge in  f r e e  sp a ce .
( i l l )  The e le c tr o m a g n e t ic  d e fo c u ss in g  fo r c e  due to  
the images o f  the c i r c u la t in g  c u rr en t .
( i v )  The e l e c t r o s t a t i c  d e fo c u s s in g  fo r c e  due to  
the images o f  th e  c i r c u la t in g  charge.
(v )  The s t a b i l i z i n g  fo r c e  o f  the g u id in g  f i e l d .
The p re lim in a ry  study  has shown th a t  the er r o r  in trodu ced  by 
assuming the charge t o  be f lo w in g  a long one a x is  o f  a c a r te s ia n  
system  i s  v ery  sm all and t h i s  f a c t ,  ap art from s im p l i f y in g  
c a lc u la t io n s  such as th o se  a lr e a d y  done, a l lo w s ,  w ith ou t  
d i f f i c u l t y ,  b e t t e r  s im u la t io n  o f  c o n d it io n s  a c t u a l ly  occuring  
in  the syn ch rotron .
I t  w i l l  be assumed, in  what f o l l o w s ,  th a t  the  
c i r c u la t in g  charge i s  d i s t r ib u t e d  u n iform ly  in  a c y l in d e r  
rad iu s  ^  , between iro n  p o le  f a c e s  o f  s e p a r a t io n  , w ith  
the d ir e c t io n  o f f low  a long  the ' j a x is  o f  a r e c ta n g u la r  system  of  
c o -o r d in a te s .  This i s  shown in  f ig u r e  75.
(a )  E lec tro m a g n etic  f o r c e s .-
( i )  W ithin the current e lem en t.
L et the t o t a l  current -  I e .m .u .
The current d e n s i t y  « and f o r  any
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rad iua  A  ^  f ig u r e  7 5 ,
^  M.oÆ = 4 ÎI X cu rren t  en c lo sed #
i . e .  W. 2 7 f 4 r r l A  ^
and H = ^
sr U^±XS
/  /  R"
Hence A = ^  K. .(2 2 )
( i i )  O utside the current e lem e n t.
For any ra d iu s  ,
A  = S t y C c X J o ^ K .   . . . . ( 2 3 ^
r'
I f  i t  i s  assumed t h a t  o n ly  the f i r s t  fo u r  images  
are o f  s i g n i f i c a n c e ,  then  th e  t o t a l  v e c to r  
p o t e n t i a l  i s  g iv e n  by
A = l y . !  ^  +- ^   (24 )
The f i e l d  and th e r e fo r e  the fo r c e  on a p a r t i c l e  
in s id e  the ch a rg e , can be found by u s e  o f  
eq u a tio n s  (22 )  arid ( 2 4 ) .
(b)  E l e c t r o s t a t i c  f o r c e s .
( i )  B a s ic  e q u a t io n s .
The b a s i c  eq u a t io n s  are
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^ t . d H  = o  ..................................  ( 25)
^ É . d S  » 4t7<5>................................................................................ ( 26)
^ £ . d &  .  4 n J ’cj^do- ............................... ( 27)
( ^  = charge d e n s i t y  e . s . u . )
\7.Ê s 4ïïc^ ....................    . . . • . . . . ( 2 8 )
% = T P  ............................................................................. . ( 2 9 )
p           i ................(3 0 )
( i i )  In a id e  th e  c y l i n d e r .
C onsider u n i t  l e n g t h  of  the charge c y l in d e r ,  then  
a t  rad iu s  A
£ . . n i f i A  = I^ÏÏ.1TA.^<^ from e q u a t io n  ( 26)
and 6  = -2 ï ïA  g-
I f  the d i e l e c t r i c  c o n sta n t  o f  the medium in  w hich  
the charge i s  moving i s  n o t  u n i t y ,  then
Ê =    (31 )
The fo r c e  on an e le c t r o n  a t  A  i s  g iv e n  by the  
prod uct £<2. .
( i i i )  O utside th e  c y l in d e r .
The p o t e n t ia l  P  i s  g iv e n  by.
P = +  K  (3 2 )
6
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and f o r  the images o n ly  the  t o t a l  p o t e n t ia l
k ................... (33 )
The f i e l d  and hence the fo r c e  can be found  
a c c o rd in g  to  eq u a tio n  ( 2 9 ) .
( c )  Comparison o f  e le c t r o m a g n e t ic  and 
e l e c t r o s t a t i c  f o r c e s .
^  The r a t i o  o f  th e  e le c tr o m a g n e t ic  to  th e  e l e c t r o s t a t i c  
fo r c e  can be c o n v e n ie n t ly  ob ta in ed  by d eterm in in g  th e  m agnitude  
o f  each  in s id e  and due to  the charge c y l in d e r  o n ly .  'The r a t i o  
o f  th e  image f o r c e s  w i l l  be e x a c t l y  th e  same.
I n s id e  the c y l in d e r  the m agn etic  f i e l d  due t o  
cu rren t f lo w  i s  g iv e n  by H = 3.J  Æ
i c
The f o r c e  on a moving charge =. H^ir d yn es , i f j p  = 1
c
= d y n es .
This f o r c e  i s  r a d ia l  and f o c u s s in g .
The f o r c e  due t o  the e l e c t r i c  f i e l d  = d y n e s , i f  6 = 1
but a  .■U's
and th e  e l e c t r o s t a t i c  f o r c e  = A %&,
TT (RV
T h is  fo r c e  i s  a l s o  r a d i a l ,  but d e f o eu ss i n g .
. .  E .S .  fo r c eHence th e  r a t i o  ——— —  — ^  -  i......................................  .( 34)
Ë.M. f o r c e
ax i s
b e t a t r o n
F ig u re  76
—1 4  8 —
At normal i n j e c t i o n  v o l t a g e s  i s  c o n s id e r a b ly  l e s s  than  
1 ,  and t h e r e f o r e  the e l e c t r o s t a t i c  f o r c e  i s  by f a r  the more 
im p ortan t.
(d) A x ia l  s t a b i l i z i n g  fo r c e  due to  the  
main m agn etic  g u id in g  f i e l d .
To c a l c u la t e  the  maximum t h e o r e t i c a l  charge i t  i s  
in te n d ed  to  c o n s id e r  a x i a l  f o r c e s  a c t in g  on the p a r t i c l e s  and 
equate th e se  to  zero  a t  the  edge o f  th e  charge c y l in d e r .  I t  
i s  n e c e s s a r y  to  know the a x i a l  s t a b i l i z i n g  f o r c e  due to  the  
m a g n etic  g u id in g  f i e l d #  T h is  f o r c e  i s  prov id ed  by the  r a d ia l  
component o f  the f i e l d  and may be c a lc u la te d  as below#
The f i e l d  v a r i e s  w ith  ra d iu s  a cc o rd in g  t o  H »
In  f r e e  space d iv  H = O
For c y l i n d r i c a l  symmetry H i s  in v a r ia n t  w ith  6 and th e r e fo r*
. à (4v = -  à
For p o in t s  not f a r  removed from th e  median p lane
where ^  as shown in
f ig u r e  76#
Hence
{ '■  % %
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#
# • = - n f / o ?  « ~ à H r ^
and f< y. = I aJ L ^  • h" = n ^  z y  y. c
(y /? > #7
'0
when ^  = • • C . m o
and M-f = n /L^R f o r  -  ^= ft
W h e n  R  -  ^  0_ i L ^
do
The a x i a l  f o r c e  on a moving e l e c t r o n  = ft ei/* d y n es .
V 6
#
#. • • The a x i a l  f o r c e  f o r  sm all d isp la c e m e n ts
B;' = n  (35)
( e )  The t o t a l  charge t h a t  can be a c c e le r a t e d  
w ith o u t  im ages.
In  order to  d eterm in e the maximum-charge t h a t  can 
be h e ld  i t  w i l l  be asumed t h a t  e q u i l ib r iu m  e x i s t s  a t  th e  
p er im e te r  o f  the beam, and th a t  the f o r c e s  e x i s t i n g  here can 
be eq u ated  to  z e r o .  The f o r c e s  w i l l  th e r e f o r e  be c a l c u la t e d  
f o r  the p o in t  P ( )o ,  ^ ) where * o , and ^ .
W ithout images the  f o l lo w in g  f o r c e s  e x i s t  
( i )  The g u id in g  f i e l d  a x i a l  f o c u s s in g  fo r c e  Fj where
F, = d y n e s ,
c do
( i i )  E le c tr o m a g n e t ic  f o c u s s in g  f o r c e  due to  c i r c u l a t i n g  
cu rren t
d y n e s .
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( i l l )  E l e c t r o s t a t i c  d e fo c u s s in g  fo r c e  due to  c i r c u l a t i n g  
charge
E quating th e se  f o r c e s  to  zero
» v W o £ ev +, 3 ( * r 4 v  -  .................... ' - ' ( 3 6 )
but qL — ^  i . e .  ^  cr ^
^  1T^?V <5*
S u b s t i t u t in g  t h i s  v a lu e  f o r  I  in  eq u a tio n  ( 3 6 ) ,  i t  can be
e a s i l y  be shown th a t
4  = r) 6 .   ( 37)
Jiff K*
where ^
( f )  The t o t a l  charge t h a t  can be a c c e le r a t e d  
w ith  im ages .
The a d d i t io n a l  f o r c e s  a c t in g  on the p a r t i c l e s  a r e : -  
( i )  E le c tr o m a g n e t ic  d e fo c u s s in g  f o r c e  due to  cu rren t  
im ages.
By s u b s t i t u t i n g  the a p p r o p r ia te  v a lu e s  f o r  ,
^  , and 'fv , in  the  eq u a tio n  f o r  the v e c to r  
p o t e n t i a l  (eq u a t io n  2 4 ) ,  and making u se  o f  the  
f a c t  t h a t  6^  = A Ay/ , i t  can be shown th a t
(11)  E l e c t r o s t a t i c  d e f o c u s s in g  fo r c e  F due to  charges
im ages.
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A ga in , by s u b s t i t u t i n g  in  eq u a tio n  (33)  and 
making u s e  o f  the  f a c t  t h a t  i t
can be shown th a t
By e q u a tin g  a l l  f i v e  f o r c e s  t o  zero  i t  i s  found t h a t  
a = h    (3 8 )
^  2r, L  { 0 t ^ € / 2 " )  f
•h ere k  '  ' j i - K  * t «   ^tuiz]
4 .  DISCUSSION OF THE RESULTS OF IMGE CALCULATIONS.
(a )  Comparison o f  the c a l c u la t e d  charge d e n s i t y  
w ith o u t  images and th e  e x p r e s s io n  d e r iv e d  
by B le w e t t .
B lew ett^^  approaches the problem in  f a t h e r  d i f f e r e n t  
way from t h a t  in  s e c t i o n  3 ,  and o b ta in s  an e x p r e s s io n  f o r  the  
charge d e n s i t y  in  u n r a t io n a l i z e d  M.K.S. u n i t s  g iv e n  by
CL -
where 6^ = d i e l e c t r i c  c o n s ta n t  o f  f r e e  sp ace#  
( fa r a d s /m e tr e  ) .
6 c  = a p p l ie d  m a gn etic  f i e l d  (w eb ers/sq .M . )^
/?c = o r b i t  r a d iu s  (M. ) .
= p a r t i c l e  v e l o c i t y  ( M / s e c . ) .
^  = charge d e n s i t y  (co u lo m b s/c u .M .) .
—152 —
To compare t h i s  r e s u l t  w i t h  eq u a tio n  (37)  i t  i s  n e c e s s a r y  to  
r e w r ite  the l a t t e r  a l s o  in  u n r a t io n a l iz e d  M.K.S.  u n i t s .  The 
f o l lo w in g  tra n sfo rm a tio n s  are r e q u ir e d : -
H. = 6 .
A -7
In r a t io n a l i z e d  M.K.S.  unitsyU^ « 4^ %^. henry/M. as
d e f in e d ,  and " —(  --------- = 8 .8 5  x ICT^
/fir./O farad/M .
In the  u n r a t io n a l i z e d  system  
/^c. " 10"^ henry/M, and 6  ^ = ,dA ( 5  <o^ *~
= 1 .1 1  X lO 'lO  farad/M .
7
Henceyuu= • 10
and €  = 6.  ^ X 10**  ^ x  where C i s  in  M /sec .
I n s e r t in g  th e se  v a lu e s  in  eq u ation  ( 3 7 ) ,  we have
3 . -  n .8 « . lofi}*.
C- (?„. /o o  ( /  'ol
from w hich 0  -  n <^>
Thus, the r a t i o  o f  the charge d e n s i t y  by eq u a tio n  (37)  to  t h a t  
g iv e n  by B le w e t t ,  -
T his can be r e a d i ly  checked by u s in g  the example quoted  
by B le w e tt  h im s e l f .  He has reduced h i s  form ula so  as to
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r e l a t e  th e  charge d e n s i t y  to  the i n j e c t i o n  v o l t a g e .
T his r e l a t i o n  i s  g iv e n  by
^  cou l/cu .M .
and o n ly  h o ld s ,  o f  c o u r se ,  f o r  h i s  p a r t ic u la r  o r b i t  
ra d iu s  o f  0 .8 3  M.
By u s in g  t h i s  eq u a tio n  he shows th a t  f o r  50 kV. i n j e c t i o n
= hS. c o u l /c u .M ., « IÙ  ^ e . s . u . / c c .
We may c a l c u la t e  cj^  by eq u a tio n  ( 3 7 ) .  Table V III  shows th a t  
f o r  50 kV. i n j e c t i o n  ( fo r  10 cms. r a d i u s ) . = 7 7 .1  gauss
and l?> = 0 .4 1 2 5 ,  (1 -  ^ ^  ) * 0 .8 2 9 9
For ^ = 83 cm ., = —— g a u s s .
8 .3
Assuming n = ^  as g iv en  by B le w e t t ,  eq u a tio n  (37 )
f  ...........................
= 6 .6 5  X 10"^ e . s . u . / c c
g iv e s  ^ _ 3 X 7 7 .1  x  0 .4 1 2 5
4 X  8 3  X  2 F  X  83 (0 .8 2 9 9 )
The r a t i o  o f  the two charge d e n s i t i e s  » -  •  1 .4 9
4 .5
T his comparison in d ic a t e s  t h a t ,  a lth o u g h  the method 
u sed  to  d e r iv e  eq u a tio n  (37 )  i s  q u i t e  d i f f e r e n t  from th a t  o f  
B le w e t t ,  the r e s u l t s  are in  good agreem ent. I t  i s  v ery  probable  
th a t  B le w e t t *8 va lue i s  the  more c o r r e c t  because he shows th a t  
the charge has an e l l i p t i c a l  and n o t  a c i r c u la r  c r o s s - s e c t i o n .  
For an b o f  0 .7  the area  o f  the e l l i p s e  i s  2 / 3  the area  o f  the  
c i r c l e  and co m p le te ly  accou n ts  f o r  the observed d i f f e r e n c e .
u 
. u
c/i
CtJ
T3
3»Hajdd
c
£3
E
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ou
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(b) Comparison o f  c a lc u la t e d  charge d e n s i t y  
w ith o u t  and w ith  im ages>
Comparison o f  eq u a tio n  (3 7 )  and (3 8 )  shows th a t  the  
e f f e c t  o f  images i s  to  in tro d u ce  a ( 1 )  in t o  the  
denominator o f  the  e x p r e s s io n  f o r  the charge d e n s i t y . . This  
i s  im portan t, e s p e c i a l l y  a t  h ig h  i n j e c t i o n  v o l t a g e s ,  because  
w ith o u t  images tends towards ©o as ^  approaches u n i t y ,  
whereas w ith  im ages, the denominator approaches a con stan t  
f i n i t e  v a lu e  and (f. becomes o< W . S ince  ,
If . X  '
^  ^ i s  the t o t a l  energy o f  the p a r t i c l e .
When ^  1 ,  the i n j e c t i o n  energy  i s  a c o n s id e r a b le  f tW ction
o f  the  t o t a l  energy and w i l l  become o< i n j e c t i o n  v o l t a g e .  
T his means th a t  when images are taken in t o  a cc o u n t , the charge  
d e n s i t y  w i l l  be ap p rox im ate ly  p r o p o r t io n a l t o  i n j e c t i o n  v o l t a g e  
in d e p e n d en tly  o f  the  magnitude o f  the l a t t e r .  Table V III  g iv e s  
v a lu e s  o f  fl  ^ , ^  , <^  , and X , w ith  and w ith o u t  im ages ,
as a f u n c t io n  o f  i n j e c t i o n  v o l ta g e  f o r  the 30 MeV. sy n ch ro tro n
assuming = 10 cm s., k, * 5 cms. and , the rad iu s  o f  the
charge c y l in d e r  = 4 cms. Graphs o f  charge and c i r c u l a t i n g  
cu rren t  as a fu n c t io n  o f  i n j e c t i o n  v o l ta g e  are g iv e n  in  f i g u r e s  
77 and 7 8 ,  r e s p e c t i v e l y .  The e f f e c t  o f  images on th e  a b s o lu te  
magnitude o f  th e s e  q u a n t i t i e s  and the l i n e a r i t y  o f  the curves  
i s  ra th e r  s t r i k i n g .
( c )  E f f e c t  o f  changing o r b i t  r a d iu s .
One other  i n t e r e s t i n g  p o in t  a r i s i n g  from eq u a tio n s  
(37 )  and (3 8 )  i s  t h a t  in  both  ca ses  f o r  a g iv e n  i n j e c t i o n  
v o l t a g e  the charge d e n s i t y  . But s in c e
-1 5 5 -
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» 0^ ^ 0  i s  c o n s ta n t  f o r  a g iv e n  en erg y . Hence
^ o< , so  th a t  i f  the e q u il ib r iu m  o r b i t  i s  in c r e a se d
w ith o u t  in c r e a s in g  the donut and the s t a b i l i z i n g  re g io n  c r o s s -  
s e c t i o n ,  the u s e f u l  volume w i l l  on ly  in c r e a s e  as the r a d iu s .  
This means th a t  the  t o t a l  p e r m is s ib le  charge w i l l  d ecr ea se  
^  Ro *
(d) Comparison o f  t h e o r e t i c a l  maximum charge and 
p r a c t i c a l  b e ta tr o n  X -ray  o u tp u t .
At a g iv e n  maximum output energy one would expe c t  
the X -ray  I n t e n s i t y  to  be p r o p o r t io n a l  to  the t o t a l  number o f  
p a r t i c l e s  s t r i k i n g  the t a r g e t ,  and hence to  the t o t a l  
a c c e le r a t e d  ch arge , Q . The p r a c t i c a l  output i n t e n s i t y  f o r  
the 30 MeV. machine and a l s o  f o r  s e v e r a l  American a c c e le r a t o r s  
appears to  be a l i n e a r  fu n c t io n  o f  i n j e c t i o n  v o l ta g e  up t o  the 
maximm a v a i la b le  v o l t a g e s  o f  about 50 kV. This i s  in  
accordance w ith  curve B o f  t h e o r e t i c a l  maximum charge d e n s i t y  
w ith  images shown in  f ig u r e  7 7 . U n fo r t u n a te ly ,  the v a lu e s  o f  
the s lo p e s  o f  t h e o r e t i c a l  and p r a c t i c a l  curves cannot be 
compared because f o r  the l a t t e r ,  the s lo p e  depends on the  
method o f  measurement, and o n ly  by comparing changes in  s lo p e  
would i t  be p o s s ib le  t o  determ ine whether output i n t e n s i t y  
curve f o l lo w s  e i t h e r  A or B in  f ig u r e  77 . The d ep arture  from  
l i n e a r i t y  even o f  curve A up to  50 kV. i s  very  s m a l l ,  and i s  
i n s u f f i c i e n t  f o r  comparison to  be made. I f ,  however, in  the  
fu tu r e  i t  i s  found th a t  output c o n t in u es  to  in c r e a s e  l i n e a r l y
2ialrort)U
ï f i rcuab«eoffl
i i i i :::
E O i t £ i Ü ( b c a é n  t u
tkoilJJlîi
Ulttt
I m  [ i t  i i i  i c i  É ü i ■
F igu re 79
- 1 5 7 -
w ith  i n j e c t i o n  v o lta g e  up to  v a lu e s ,  s a y ,  o f  100-200  kV ., then  
th ere  w i l l  c e r t a i n l y  be s tr o n g  In fe r e n c e  th a t  images are o f  
importance*
For i n t e r e s t ,  curves o f  b e ta tr o n  o u tp u t ,  t h e o r e t i c a l  
c i r c u l a t i n g  cu rren t and ch arge , a g a in s t  i n j e c t i o n  v o l t a g e ,  
have been drawn in  f ig u r e  79* A l l  curves have been norm alized  
a t  40 kV* Although one wouJ.d ex p ec t  the curve o f  t h e o r e t i c a l  
charge to  bear the more fundamental r e l a t i o n  w ith  o u tp u t ,  i t  
i s  i n t e r e s t i n g  to  n ote  tn a t  the curve o f  c i r c u l a t i n g  cu rren t  
l i e s  much nearer  to  the p r a c t i c a l  cu rv e , and a lth o u g h  the  
s i g n i f i c a n c e  o f  t h i s ,  i f  any, i s  n ot a t  p r e se n t  u n d e r s to o d ,  
i t  i s  f e l t  th a t  i t  may have some co n n ec t io n  w ith  the K erst  
s e l f - c o n t r a c t i o n  th eo ry  to  be d is c u s s e d  in  the  n ex t  c h a p te r .
5 . CONCLUSIONS>
1* I t  would appear th a t  i f  image charges and cu rren ts  are
p r e s e n t ,  the  t h e o r e t i c a l  charge l i m i t  i s  reduced  and 
e s p e c i a l l y  so  a t  h ig h  i n j e c t i o n  v o l t a g e s .
2* The v a r ia t io n  o f  t h e o r e t i c a l  charge w ith  i n j e c t i o n
v o lta g e  i s  always l i n e a r  w ith  im ages , b u t  r i s e s  v e r y  
r a p id ly  a t  h ig h  i n j e c t i o n  v o l t a g e s  w ith o u t  im ages.
3 .  Support i s  g iv e n  to  the method o f  c a l c u la t i o n s  by
comparison w ith  an eq u a tio n  d ev e lo p ed  by B le w e t t ,  by 
an e n t i r e l y  d i f f e r e n t  approach.
4* Higher i n j e c t i o n  v o l t a g e s  than are in  u se  a t  p r e se n t
are  re q u ir ed  to  t e s t  w hether images are im portan t.
—1 5 8 —
5 .  T h rou gh ou t th e  I n v e s t i g a t i o n ,  t h e  e f f e c t  o f  d o n u t  
c o n d u c t in g  c o a t i n g  h a s  b e e n  i g n o r e d .  B u t ,  i n  f a c t ,  
t h i s  may be f a r  more im p o r ta n t  than  th e  m agnet p o l e s  
and a f u r t h e r  e x t e n s i o n  o f  th e  i n v e s t i g a t i o n  t o  i n c lu d e  
t h i s  i s  d e s i r a b l e .
-1 5 9 -
CHAPTER V III
THE PROCESS OF BETATRON INJECTION.
SUmiARY.
The mechanism o f  i n j e c t i o n  o f  e l e c t r o n s  in t o  a 
b e ta tr o n  i s  a t  p r e s e n t  u n e x p la in e d , though K erst has d evelop ed  
a s e m i-q u a n t i ta t iv e  th e o ry . In t h i s  ch ap ter  an attem pt i s  
made to  d e r iv e  a more q u a n t i ta t iv e  e x p r e s s io n  based  on th e  
K erst th e o r y ,  to  determ ine v a lu es  o f  th r e s h o ld  e m is s io n  and 
compare them w ith  observed  r e s u l t s .  The comparison i s  
fa v o u r a b le ,  but the  v a l i d i t y  o f  K erst s e l f - c o n t r a c t i o n  i s  
q u e s t io n e d .  N e v e r th e le s s ,  i t  i s  shown t h a t ,  by fu r th e r  
a p p l i c a t io n  o f  the th e o r y ,  i t  may be p o s s i b l e ,  f o r  the f i r s t  
t im e , to  account f o r  o th er  phenomena a s s o c ia t e d  w ith  X -ray  
output and gun e m is s io n ,  c r i t i c a l  v e r t i c a l  a p ertu re  and 
i n j e c t i o n  e f f i c i e n c y .
1 .  GENERAL.
The p ro cess  o f  i n j e c t i o n  o f  p a r t i c l e s  in t o  a 
b e ta tr o n  i s  n ot e a s i l y  e x p la in e d .  G e n e r a lly ,  p a r t i c l e s  
in j e c t e d  in t o  in s ta n ta n e o u s  o r b i t s  s u f f e r  r a d ia l  and a x i a l  
o s c i l l a t i o n s  about th e se  o r b i t s .  The o s c i l l a t i o n s  have n ot  
the same an gular  freq u en cy  as the freq u en cy  o f  o r b i t a l  r o t a t io n  
and c o n se q u en tly  the p o s i t io n  o f  the maximum am plitude may 
p ro g ress  round the donut and u n le s s  the o s c i l l a t i o n s  have been  
s u f f i c i e n t l y  damped by th e  tim e t h i s  p r o g r e s s io n  reach es  the
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gan i t  seems th a t  a l l  p a r t i c l e s  sh ou ld  impinge upon i t  and be 
l o s t .  A ccording to  the K erst and Berber th eo ry  o f  m agnetic  
g u id in g  f i e l d  damping, t h i s  s t a t e  o f  a f f a i r s  a c t u a l l y  e x i s t s  
and th e r e fo r e  some o th er  mechanism i s  req u ir ed  to  e x p la in  
s u c c e s s f u l  i n j e c t i o n .
K erst has r e c e n t ly  put forward the id ea  th a t  during  
i n j e c t i o n ,  w h i l s t  the  c i r c u la t in g  curren t i s  in c r e a s in g ,  
e le c tr o m a g n e t ic  and e l e c t r o s t a t i c  energy  i s  b e in g  s to r e d  in  
the beam r e s u l t i n g  in  a l o s s  o f  k i n e t i c  en ergy  o f  the p a r t i c l e s  
and a consequent r e d u c t io n  in  the  in s ta n ta n e o u s  o r b i t  r a d iu s .  
This s to r a g e  o f  energy may be s u f f i c i e n t l y  ra p id  to  a l lo w  the  
e l e c t r o n s  to  a v o id  s t r i k i n g  the  gun on subseq uent r e v o lu t io n s .  
The th eory  in d i c a t e s  t h a t  th ere  sh ou ld  be a th r e sh o ld  e m iss io n  
from the  gun b e fo r e  s u c c e s s f u l  i n j e c t i o n  can take p la c e .  T h is  
has been found to  be the case f o r  the 30 MeV. syn ch rotron  and 
the main o b je c t  o f  the f o l lo w in g  i s  t o  d e r iv e  a t h e o r e t i c a l  
e x p r e s s io n  f o r  t h i s  e m iss io n  and to  compare i t  w ith  observed  
r e s u l t s .  In  a d d i t io n ,  some comments are made about the K erst  
c o n tr a c t io n  th eory  w ith  p a r t i c u la r  r e fe r e n c e  to  the e f f e c t s  
o f  space charge.
2 .  KERST AND BERBER GUIDING FIELD DAMPING.
4A ccording to  K erst and Berber p a r t i c l e s  i n j e c t e d  o f f  
the e q u il ib r iu m  o r b i t  may s u f f e r  f r e e  r a d ia l  and a x i a l  
o s c i l l a t i o n s  about the in s ta n ta n e o u s  o r b i t .  The e q u a tio n s  o f  
m otion  a r e : -
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^  ^ O . . . . . . . . . . . . . . . . . . . . . .  (1 )
% -f- t/3^  ^n % * o  . .  . . . . . . . . . . . . .  . . . . . . . ( 2 )
where ^  « r a d ia l  d isp la ce m e n t  from the in s ta n ta n eo u s  o r b i t  
•20 = a x i a l  d isp la cem en t from the median p lane  
0 0 ^= an gular  v e l o c i t y  o f  the e l e c t r o n s
h = m agnetic  f i e l d  law in d e x .
In the u su a l  type o f  e l e c t r o n  gun the anode s t r u c tu r e  
p r o j e c t s  inwards r a d i a l l y  beyond the f i la m e n t  and r a d ia l  damping 
must be s u f f i c i e n t  f o r  p a r t i c l e s  to  m iss the anode on- subsequent  
r e v o lu t io n s .  For an i n j e c t o r  o f  w hich th e  a x i a l  h e ig h t  i s  o f  
the order o f  the donut h e i g h t ,  a x i a l  damping need n ot be ' 
con sid ered  b ecause p a r t i c l e s  cannot pass over or under th e  gun. 
Two forms o f  r a d ia l  damping are p o s s i b l e .
( i )  P a r t i c l e s  in j e c t e d  t a n g e n t i a l l y  when the in s ta n ta n e o u s  
o r b i t  c o in c id e s  w ith  th e  e l e c t r o n  sou rce  have no r a d ia l  f r e e  
o s c i l l a t i o n s  and r e l y  on c o n tr a c t io n  o f  th e  in s ta n ta n e o u s  o r b it  
f o r  damping.
T his damping i s  such  th a t      (3 )
where •  d isp la ce m e n t  o f  th e  in s ta n ta n e o u s  o r b i t  from th e
e q u il ib r iu m  o r b it  and W i s  the m agn etic  f i e l d  s t r e n g t h .
. ( i i )  P a r t i c l e s  i n j e c t e d  when the  in s ta n ta n e o u s  o r b i t  does not
c o in c id e  w ith  th e  e l e c t r o n  source  have r a d ia l  o s c i l l a t i o n s
o f  w hich  the damping i s      (4 )
I ^ H
and i s  h a l f  the  p rev io u s  v a lu e .
Assuming th a t  damping i s  o f  the f i r s t  type i t  i s
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p o s s ib le  to  o b ta in  an e x p r e ss io n  g iv in g  the damping per turn
from a knowledge o f  the d isp lacem en t o f  the f i la m e n t  from the
e q u ilib r iu m  o r b i t ,  the r a te  o f  change o f  gu id in g  f i e l d  and th e
in j e c t i o n  v o l t a g e ,  as fo l lo w s
At i n j e c t i o n  time the m agnetic f i e l d  in c r e a s e s  approxim ately
l i n e a r l y  w ith  tim e g iv in g  an in c r e a se  per turn  o f  x
dt
Hence the damping per turn * cLH x ^  x f
3fc 10^  f/
But where » i n j e c t i o n  v e l o c i t y  cm /sec .
^  ^  Ûnc = in sta n ta n eo u s  o r b it  rad iu s  cm.
• • ~ where -  k i n e t i c  energy,(erg^
V -
where = in j e c t i o n  v o l t a g e .
Thus th e  damping per turn  ' cm.
. cm.  . . . . ( 5 )
n T
We may now i n s e r t  p r a c t i c a l  v a lu es  f o r  th e  30 MeV. syn ch rotron .
At f u l l  e x c i t a t i o n  dUj  ^ 2 = 3 gauss per u s e e .
tIL ^
Suppose If = 40 kV.
= 2 cm.
^  = 12 cm.
Then ( i f  per turn =Ti2#16 x  10~^ cm.
The gun anode p r o je c t s  some 0 .2  can. beyond the c e n t r e - l in e
o f  the f i la m e n t  and th e  number o f  r e v o lu t io n s  req u ired  to  g iv e
t h i s  damping = 0 ^ 2  » lO— ^  300 tu rn s .
x-/(o n
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For the second typo o f  damping double t h i s  number o f turns i s  
re q u ir ed .
mxmUM ORBITAL ' REVOLUTIONS WITHOUT DAMPING.
Equation (1) in d i c a t e s  th a t  the r a d ia l  o s c i l l a t i o n  
angular freq u en cy  i s  n o t  equal to  the o r b i t a l  angu lar  freq u en cy .  
The r e l a t i o n  i s  g iv e n  by , The p o s i t io n  o f  the
maximum am plitude w i l l  p rogress  round the o r b i t  and i t  may be
p o s s ib le  fo r  the p a r t i c l e s  to  c i r c u la t e  a number o f  tim es b e fo re
s t r i k i n g  the i n j e c t o r .  I t  i s  o f  i n t e r e s t  to  c a l c u la t e  the
upper l i m i t  to  th e  p o s s ib le  number of r e v o lu t io n s  and compare 
i t  w ith  the number req u ired  by K erst and Berber damping.
Equation  (1 )  may be w r i t t e n  in  the form
^  -hJ)      . . . (6 )
where = am plitude o f the r a d ia l  o s c i l l a t i o n
(K = phase d isp la cem en t = 0 f o r  t a n g e n t ia l  i n j e c t i o n .
L et ^ ^  a t  = 0.
I n s e r t in g  boundary c o n d it io n s
' ....................................................................................................
D i f f e r e n t i a t i n g  eq u a tio n  (6 )
p z - - -f* o<)
I f  a t  t  = 0 , f  -
Then oO^
and w /    ^® ^
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Squaring and adding (7 )  and (8 )
^ = -L-  ^ + P y   ^j
&+ = ±  .......................................................
C onsider now the co n d it io n s  under which the  e l e c t r o n s  are  
in  danger o f  s t r ik in g  the gun.
I f  th e  r a d ia l  p r o je c t io n  o f  the  anode beyond the f i la m e n t  
be Ap , then in  order fo r  the p a r t i c l e s  to  m iss the  gun 
jO ^  ^ a t  6 = 0 ,  assuming the an gle  subtended
by th e  gun a t  the c e n t r a l  a x is  to  be n e g l i g i b l y  s m a l l .
But « ((- n uij
. , Wiyt = Ct-nŸ^(Ai^t  s ( j - n ) ‘'9
where 6 i s  the azim uthal p o s i t i o n  o f  th e  p a r t i c l e .
A lso  (UfocK a ^  when oC i s  sm all
A p o s i t i v e  va lu e  of©< corresponds to  the  maximum 
am plitude occur in g  behind the gun and th e r e fo r e  to  those  
p a r t i c l e s  in j e c t e d  towards th e  in n er  donut w a l l .  N egative  oC 
corresponds t o  i n j e c t i o n  towards the ou ter  donut w a l l .
C onsequently  in  the l i m i t i n g  c o n d it io n  when 
^  a t  6 a 0 , we have two e q u a t io n s .
\(O
Û
/
/
/
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A f  I
Expand in g  e qua 11on (10)
lO -n Ÿ ^ e
or
a n d  6  «  - 0 "  *" — + î ( i - n ) A ç /
*-—    —--------- ,, I . - __
( _ l - r i )
 '
The p h y s ic a l  in t e r p r e t a t io n  o f  t h i s  i s  th a t  i f  the p a r t i c l e s  
are to  m iss the gun a t  the end o f  the f i r s t  o s c i l l a t i o n  th e  
p r o g r e s s io n  o f  the maximum am plitude must n ot be l e s s  than
or the r e t r o g r e s s io n  n ot l e s s  than
T his  may be c l e a r e r  perhaps in  th e  d evelop ed  diagram shown in  
f ig u r e  8 0 . I t  i s  obvious th a t  f o r  p a r t i c l e s  i n j e c t e d  away 
from the e q u ilib r iu m  o r b i t  (eq u a t io n  (1 1 ) )  the p r o g r e s s io n  
m ist  equal th e  r e t r o g r e s s io n  o f  the p a r t i c l e s  in j e c t e d  towards 
the e q u il ib r iu m  o r b i t  and v ic e  v e r s a .
In both  ca ses  the maximum number o f  o s c i l l a t i o n s  i s  
JîTg iv e n  by
r - ^ f j
-1 6 6  —
and the maximum number o f  r e v o lu t io n s
i# e • /
Dl = Ah.....................................   (13)
&  [~ (  [l -
For t a n g e n t ia l  i n j e c t i o n  ^
and ^_»T_____  •  2  if 1  ^     (14)
and i s  i d e n t i c a l  w ith  the va lue  g iv en  by W a lk in sh a w ^
In the  30 MeV. syn ch rotron  -  0 .2  cm. and can vary  
between 0 .2  and 2 . 0  cm. fo r  ta n g e n t ia l  i n j e c t i o n .
When « 0 .2  cm. N ^  5 r e v o lu t io n s
and when = 2 . 0  cm. N ^  15 r e v o lu t io n s .
Both v a lu e s  f o r  /V are on ly  a sm all f r a c t io n  o f  those  req u ired  
by K erst and Berber damping and th e r e fo r e  some o th er  mechanism  
i s  req u ired  to  e x p la in  how p a r t i c l e s  m iss the i n j e c t o r .
I t  i s  t o  be noted  a l s o  th a t  the a c tu a l  p r o g r e s s io n
= 3 . The v a lu e  o f  "n" v a r ie s  c o n s id e r a b ly  w ith  rad iu s
(j-nVv
in  the 30 MeV. synchrotron  and as a l s o  v a r ie s  during  th e  
i n j e c t i o n  p r o ce ss  i t  may be th a t  on ly  a t  c e r t a in  in s t a n t s  w i l l  
c o n d it io n s  be fav o u ra b le  fo r  p a r t i c l e s  to  ex e c u te  the  f u l l  
turns g iv e n  by |S| .
3 .  KERST SELF-CONTRACTION THEORY.
(a )  Beam e le c tr o m a g n e t ic  en e r g y .
- 1 6 7 -
40
K erst has su g g e s te d  th a t  w h i l s t  the c i r c u la t in g  
curren t i s  b u i ld in g  up during i n j e c t i o n ,  m agnetic  energy  i s  
b e in g  s to r e d  a t  the expense o f  l o s s  o f  k i n e t i c  energy  o f  th e  
p a r t i c l e s  a f t e r  th e y  have l e f t  the i n j e c t o r .  This energy i s  
p r o p o r t io n a l  to  the square o f  th e  c i r c u la t in g  current and m ight,  
t h e r e f o r e ,  le a d  one to  ex p ec t  a th r e sh o ld  va lu e  o f  c i r c u la t in g  
c u r r e n t ,  and hence gun e m is s io n ,  f o r  the c o n tr a c t io n  t o  be 
s u f f i c i e n t  f o r  th e  p a r t i c l e s  to  m iss the i n j e c t o r  a f t e r  a 
g iv e n  number o f  r e v o lu t io n s .
I t  i s  p o s s ib le  to  o b ta in  a rough e s t im a t io n  o f  the  
maximum c o n tr a c t io n  due to  t h i s  energy s to r a g e  and to  s e e  i f  
t h i s ,  p lus  the s to r e d  e l e c t r o s t a t i c  en er g y ,co u ld  account f o r  
the observed r e s u l t s .
L et Gun peak em iss io n  
I n j e c t io n  v o l ta g e  
I n j e c t io n  v e l o c i t y  o f  p a r t i c l e s  
E le c t r o n ic  charge  
In sta n ta n eo u s  o r b it  ra d iu s  
E q u ilib r iu m  o r b i t  rad iu s  
S e lf - in d u c ta n c e  a t  o r b i t
a I amps
- f v o l t s
= cm /sec .
= e coulombs
■ cm.
= ^ cm.
.  L Henrys.
a l l the charge
• the p a r t i c l e s  to
c i r c u la t e  N turns g iv e n  by eq u a tio n  (14) a c t u a l l y  does s o .  
The c i r c u la t in g  cu rrent a f t e r  N r e v o lu t io n s  « Nc amps. 
The t o t a l  s to r e d  energy ■ jo u le s
* ^ e l e c t r o n  v o l t s
- 1 6 8 -
The t o t a l  c i r c u la t in g  charge in j e c t e d  per r e v o lu t io n
= (3^ R» L coulombs
ih
and the t o t a l  number o f  e l e c t r o n s  i n j e c t e d /r e v o lu t io n
* Rc ^
I f  i t  i s  assumed th a t  the  p a r t i c l e s  l o s e  energy  c o n t in u o u s ly
a f t e r  i n j e c t i o n  a t  a r a te  which i s  p r o p o r t io n a l  to  the square
o f  th e  in s ta n ta n e o u s  c u r r e n t ,  then  those  p a r t i c l e s  in j e c t e d  in
the  f i r s t  r e v o lu t io n  w i l l  l o s e  more than th o se  in j e c t e d
su b se q u e n t ly .
The p ro p o rtio n  o f  the t o t a l  energy l o s t  by th o se
p a r t i c l e s  in j e c t e d  in  the f i r s t  r e v o lu t io n
n
0  -  n------ '—g:-----—g     (15)
I i  /v-f
Hence the s to r e d  energy fo r  p a r t i c l e s  in j e c t e d  in  the f i r s t  
r e v o lu t io n
= M \o'^ e le c t r o n  v o l t s .
The average s to r e d  energy per p a r t i c l e
1 0 ^ e l e c t r o n  v o l t s
a . ( (o. a ri
~ h / - N * c lo"  ^ e l e c t r o n  v o l t s   ............. . ( 1 6 )
if. I h.
(b) Beam e l e c t r o s t a t i c  en er g y .
K erst a l s o  speaks o f  "the e l e c t r o s t a t i c  energy  
a s s o c ia t e d  w ith  a g iv e n  c i r c u la t in g  current" but does not s t a t e
- 1 6 9 -
c l e a r l y  what he means. I t  i s  assumed th a t  he i s  c o n s id e r in g  
the energy s to r e d  in  the e l e c t r o s t a t i c  f i e l d ,  the  i n t e n s i t y  o f  
w hich v a r ie s  from the cen tre  o f  th e  charge to  the o u ter  boundaryi 
T his may be c a lc u la te d  as f o l l o w s .
Suppose, as f o r  th e  image c a l c u l a t i o n s ,  the beam to  form 
a c i r c u la r  c y l in d e r ,  rad iu s  ^  i n f i n i t e  in  t h e y  d i r e c t i o n  o f  
a r e c ta n g u la r  c o -o r d in a te  system .
I n s id e  the charge  
where i s  the charge d e n s i t y  in  e . s . u .
In c y l in d r i c a l  c o - o r d in a t e s : -  .
In t h i s  example <f) i s  in v a r ia n t  w ith  6 and y  and the  eq u a tio n  
reduces to
Hence ^
•  •  -  — 2. TTJi» -t Cf
3a
• . E l e c t r o s t a t i c  f i e l d  s t r e n g th  è0  = 2un ^  C t/
3% ^ a
and the p o t e n t ia l  ^ C, ^
Boundary c o n d it io n s  are now req u ired  to  f i x  G, and 
For ^  = O . . C, = o
- 1 7 0 -
can c o n v e n ie n t ly  be made zero because on ly  d i f f e r e n c e s  
o f  p o t e n t ia l  are r e q u ir e d .
Hence (j) -  (17)
The charge on e le c t r o n s  b e in g  n e g a t iv e ,  eq u a tio n  (17 )  in d ic a t e s  
th a t  the  e l e c t r o s t a t i c  p o t e n t ia l  in c r e a s e s  from the  cen tre  to  
the per im eter  o f  th e  beam. This means th a t  p a r t i c l e s  a t  the  
ce n tre  o f  the beam w i l l  have a low er v e l o c i t y  than th o se  a t  
the edge. I t  i s  d i f f i c u l t  to  know what o r b i t  shrinkage t h i s  
would produce, but f o r  s i m p l i c i t y ,  we can u se  an average  
p o t e n t i a l  d e p r e s s io n  per p a r t i c l e .  The p o t e n t ia l  i t s e l f  i s  
p r o p o r t io n a l  t o  /^ , and the number o f  p a r t i c l e s  a t  any rad iu s
i s  p r o p o r t io n a l  t o  and th e r e fo r e  the average p o t e n t i a l  
d e p r e s s io n  per p a r t i c l e  i s  1 /4  o f  the maximum d e p r e s s io n ,  
i . e .  The average p o t e n t ia l  d e p r e s s io n /p a r t i c l e  0 ^  ^
w-
But = TeKvM. where ^
Hence *4 = TT ^
"4o f# >1-0jS
or = 3 6 T a ^
I f  a g a in ,  i t  i s  assumed th a t  a l l  the charge from the gun 
c i r c u la t e s  f o r  /V r e v o lu t io n s ,  then  I  « Nt amps
and 3 D . . • • • . . • . . . . ( 1 8 )
>/!.
Rat io
: :
ÎÎTTt^
i
nntnann
F igu re 8 l
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( c )  The r a t i o  o f  e l e c t r o s t a t i c  to  e le c tr o m a g n e t ic  en er g y .
à tx  = I 'S H i  ^  Ih'^ïï  fio ( e  in  coulombs)
A£, ^ 9 f)y2>*lr/ec./o
= ff I L  ic " " '
For the 30 MeV. syn ch rotron  = 10 cm ., l~ ■ 2 x  10 ® Henrys
. . ^  'O : =  / 57 . <o~^   (19 )
AE, /O
A graph o f  t h i s  i s  p lo t t e d  in  f ig u r e  81 f o r  v a lu e s  o f  i n j e c t i o n  
v o lta g e  up to  50 kV# The p?oduct ^ N i s  not f a r  removed from  
u n i t y ,  and the graph shows th a t  on ly  a t  i n j e c t i o n  v o l ta g e s  
below about 20 kV. w i l l  the  e l e c t r o s t a t i c  s to r a g e  become 
im portant.
(d ) O rbit rad iu s  c o n tr a c t io n  produced  
by energy  s t o r a g e .
The c o n tr a c t io n  in  o r b i t  ra d iu s  may be ob ta in ed  as
f o l l o w s ;-
At.If = and H «
( - i ) ^ Rc
Hence ^  or l^ o .e. =
For th e  normal i n j e c t i o n  e n e r g ie s  ni = and i t  i s
n e c e s sa r y  on ly  to  co n sid er  changes in  ^  produced by en ergy  
v a r i a t i o n s .
- 1 7 2 -
Thus Ru
i-n
. . H g tO -n )  ^  A  ;i (7''’ = .  fwjxf
from wnl ch ( i^--. r^  d d i ^ R i
But R , the i n j e c t i o n  k i n e t i c  en erg y  = h^ryyjr^
, . d £  -  M/tkcW- and ^
£ V-
. . i ^ - r ^ d d i  = ({j dB. and ddc = d jd £^
^  XEO-r i )
or in  terms o f  sm all f i n i t e  changes
ARc :  A£  (20 )
aE O "i)
W hich i s  the v a lu e  quoted by K e r st .
( e )  C a lc u la t io n  o f  the  th r e sh o ld  gun em iss io n  
f o r  the 30 MeV. sy n ch r o tro n .
AÊ = AE, + AÊv
iÊ (l-n i)
A f, by eq u a tio n  (16) = /-N^ccir. e l e c t r o n  v o l t s
4-./-t. ff
The s e l f - in d u c t a n c e  "/J* can be c a lc u la t e d  in  the f o l lo w in g  way. 
The s e l f - in d u c t a n c e  o f  the  com plete magnet a t  low
—17 3 —
e x c i t a t i o n  o*^5H
There are 280 turns on the e x c i t i n g  c o i l s ,  and 
th e r e fo r e  the in du ctan ce per tu rn  = H
Prom exp er im en ta l r e s u l t s  the v o l ta g e  per turn  o f  
the e x c i t i n g  c o i l s  f o r  a peak o r b i t  f l u x  d e n s i t y  o f  10^ gauss  
c:. 32 v o l t s .
For 10"^  gau ss  the v o l t s / t u r n  a t  th e  i n j e c t i o n  ra d iu s
V
X  ^g g#
(12 cm# ) = 4* 4 4 .  Sir. f% . f o  . f0 . lo  v o l t s  r*r ZO v o l t s .
Hence th e  s e l f - in d u c t a n c e  a t  the gun rad iu s  
—  3 ' 2 .  f o  Obj 9 . f o  H
.  .  AE, = ^ . 2 .  lo't Wt I  ■ l-lo. 10 i .  1 0 °  ^  e l e c t r o n  v o l t s
4i7. l o  ./*b
= 4 7 ^ ^  ^  e l e c t r o n  v o l t s .
AE, = ‘H iV i  
(3
. . A£ = Nl f   ^ e l e c t r o n  v o l t s
and = A  r i^ r  cm.  (21)
jEC'-n)
where B i s  in  e l e c t r o n  v o l t s .
To determ ine as a fu n c t io n  o f  the gun peak em iss io n
c o n s id er  two extreme cases
( i )  When the  in s ta n ta n e o u s  o r b i t  i s  near the gun
( i i )  When the  in s ta n ta n e o u s  o r b i t  c o in c id e s  w ith  th e  e q u il ib r iu m
r  ni r  II I n f  ff fi t h r # « h n l r 1  # m i « s i n n  — m A
m
F igu re 82
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o r b i t .
T h is  i s  n e c e ssa r y  b ecau se  b oth  “ K ” and vary w ith  r a d iu s .
Case ( 1 ) . "X " has a maximum v a lu e  o f  5 r e v o lu t io n s .
the f i e l d  law exp on en t, i s ,  in  the 30 MeV. 
m achine, v a ry in g  v e r y  r a p id ly  w ith  rad iu s  a t  the  
gun r a d ia l  p o s i t i o n .  A v a lu e  o f  0 .9  i s  probably  
r e a so n a b le .
Case ( 1 1 ) . " " has a va lu e  o f  15 r e v o lu t io n s .  v
" I) " has an average v a lu e  o f  about 0 .7 .
Hence b ecause i s  ap prox im ate ly  o< , i t  has t h e ‘ same
CJ-n)
v a lu e  f o r  ( i )  and ( i i )  and we can c a lc u la t e  f o r  one p o s i t i o n
o n ly .  Taking case  ( i ) ,  N = 5  and  ^ = 0 .2 5
g  . 5 . cm,
= r 1 % l  cm.  (2 2 )
E
V alues o f  the  c a lc u la te d  th r e sh o ld  em iss io n  as a fu n c t io n  
o f  the i n j e c t i o n  v o l ta g e  f o r  = 0 .2  cm., are p l o t t e d  in  
f i g u r e  82.
4 .  EXPERIMENTAL OBSERVATIONS OF THRESHOLD EMISSION AS A 
RJNCTION OF INJECTION VOLTACEi'
(a )  Experim ental r e s u l t s .
During the s e r i e s  o f  experim ents t o  determ ine the  
e f f e c t  o f  va ry in g  o p e ra t in g  param eters on th e  b e ta tr o n  output
Iiüi
Uitl
mmm
hl'î
Gun peak  emission
F ig u re  85
“3.75—
d e sc r ib e d  in  Chapter V I, a fa m ily  o f  curves was ob ta in ed  o f  
output I n t e n s i t y  as a fu n c t io n  o f  gun e m is s io n ,  f o r  a range  
o f  i n j e c t i o n  v o l t a g e s .  Enlarged  s e l e c t e d  p o r t io n s  o f  th e  
complete curves showing th r e sh o ld  e m is s io n s  are g iv e n  in  
f ig u r e  8 3 . C o n s id e ra t io n  w i l l ,  a t  p r e s e n t ,  be co n fin ed  to  
th r esh o ld  e m is s io n .
The diagram shows a fa m ily  o f  curves o f  b e ta tr o n  
output i n t e n s i t y  as a fu n c t io n  o f  gun peak e m iss io n  fo r  fo u r  
chosen i n j e c t i o n  v o l t a g e s  ranging  from 14 -  38 kV. The 
a llo w a b le  peak v o lta g e  a c r o ss  th e  gun modulator a r t i f i c i a l  
l i n e  p reven ted  h ig h e r  i n j e c t i o n  v o l t a g e s  b e in g  rea ch ed , w h i l s t  
la c k  o f  s e n s i t i v i t y  in  the a v a i la b le  r a d ia t io n  m onitor would  
not perm it low er v o l t a g e s  than 14 kV. This la c k  o f  s e n s i t i v i t y  
a l s o  p reven ted  s i g n i f i c a n t  output re a d in g s  o f  l e s s  than 1  
r e l a t i v e  u n i t  b e in g  o b ta in e d . One m ight q u e s t io n ,  t h e r e f o r e ,  
whether i t  i s  p e r m is s ib le  to  e x t r a p o la t e  the curves to  the  
X a x i s  as has been done in  f ig u r e  83 to  i l l u s t r a t e  the p resen ce  
o f  th r e s h o ld  e m is s io n s .
This depends on what one means by " th r e sh o ld  e m is s io n " , 
because by u s in g  a G eiger cou n ter  w ith  the p u lse  d is p la y e d  on a 
C .R .O ., w ith  a time base p r o p o r t io n a l  to  g u id in g  f i e l d  s t r e n g t h ,  
p u ls e s  correspond ing  to  b e ta tr o n  output were o b ta in ed  w ith  
peak e m is s io n s  o f  a f r a c t i o n  o f  1 mA. o n ly .  On the o th er  hand, 
by p l o t t i n g  syn ch rotron  output as a fu n c t io n  o f  peak e m is s io n ,  
u s in g  a m onitor in  which much low er s i g n i f i c a n t  rea d in g s  could  
be o b ta in e d , e x t r a p o la t io n  appeared to  be r e a s o n a b le .  Such a
mm^
Baaaam m am
L.
L
U
a m
Gun
200
peak emission (mA')
F igu re 81^
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curve f o r  3 3 .2  kV. i n j e c t i o n  i s  shown in  f ig u r e  84 . Readings  
down to  2 / 5 ^ o f  the  maximum show no d e v ia t io n  from the g en er a l  
curve . The reason  why b e ta tr o n  output and not syn ch rotron  
output has been u sed  f o r  the  fa m ily  o f  curves i s  th a t  the
former i s  the more fundam ental.
I f  i t  i s  assumed, as seems r e a s o n a b le ,  t h a t  there
e x i s t s  a th r e sh o ld  em iss io n  above which th e re  i s  a rap id  r a te
o f  in c r e a se  in  o u tp u t ,  then i t  appears l e g i t i m a t e  to  e x tr a p o la te  
as has been done in  f ig u r e  83 .
Table IX g iv e s  the e x tr a p o la te d  v a lu e s  o f  e m iss io n  
f o r  the fo u r  chosen i n j e c t i o n  v o l t a g e s ,  and compares them w ith  
the c a lc u la te d  v a lu e s  a cco rd in g  to  eq u a tio n  (2 2 ) and f ig u r e  82 .  
I t  w i l l  be seen  th a t  th e  a b so lu te  v a lu e s  o f  c a lc u la te d  em iss io n  
are about tw ice  the p r a c t i c a l  v a lu e s ,  but th a t  v a r i a t io n  w ith  
i n j e c t i o n  v o lta g e  i s  a lm ost i d e n t i c a l  in  the  two c a s e s .
I n j e c t io n  kV. 3 8 .0 3 3 .2 2 3 .6 1 4 .2
Observed 
th r esh o ld  (mA.) 48 45 33 24
C a lcu la ted  
th r e sh o ld  (mA.) 106 94 78 56
C a lc u la te d  th r e sh o ld  
n orm alised  a t  38 kV. 48 44 35 25
T a b le  IX .
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(b) D is c u s s io n  o f  r e s u l t s .
The d isc r ep a n c y  between the a b s o lu te  th r e sh o ld s  may 
be due to  e r r o r s  in  e i t h e r  the exp er im en ta l tech n iq u e  or the  
sim ple  th e o r y .  The most probable ex p er im en ta l e r ro r  i s  th a t  
in v o lv e d  in  the gun em iss io n  c a l i b r a t i o n .  This c a l ib r a t io n  
was c a r r ie d  out as d e sc r ib e d  in  Chapter V I, S e c t io n  2 .  Under 
the p a r t ic u la r  exp er im en ta l c o n d it io n s  u sed  th ere  was some 
25 -  30 f t .  o f  c o a x ia l  cab le  between the  1 0 0 -rx r e s i s t o r  and 
the C.R.O. where the cab le  was e f f e c t i v e l y  open c i r c u i t e d .
The r e s i s t o r  i t s e l f  p o s s e s s e s  a s e l f - c a p a c i t a n c e  w hich may be 
im portant f o r  such  p u lse  v o l t a g e s .  I t  i s  hoped to  c a l ib r a te  
t h i s  m easuring c i r c u i t  under p u ls e  c o n d it io n s  or c a l ib r a t e  the  
gun u s in g  a D.C. power su pp ly  in  the near f u t u r e .
The check p? ovided  by p l o t t i n g  the lo g a r ith m  o f  the 
measured em iss io n  a g a in s t  the r e c ip r o c a l  o f  the f i la m e n t  
cu rren t i s  o n ly  a p a r t i a l  one b ecau se  i t  o n ly  proves th a t  one 
i s  measuring a q u a n t i ty  which i s  p r o p o r t io n a l  to  the  e m is s io n ,  
but not n e c e s s a r i l y  th e  em iss io n  i t s e l f .  The f a c t  th a t  the  
p r e se n t  gun f i la m e n t  g iv e s  an optimum output f o r  33 kV. 
i n j e c t i o n  w ith  an apparent e m iss io n  o f  150 mA. w h i l s t  the  
p r e v io u s  gun, a t  th e  same r a d iu s ,  gave optimum output
correspond ing  to  220 mA. em iss io n  may be ev id en ce  o f  the
p o s s ib le  e r r o r  in  c a l ib r a t i o n .
The g r e a t e s t  u n c e r t a in t y  in  the a p p l i c a t io n  o f  the
s im p le  th e o r y  i s  in  the ch o ice  o f  the  va lu e  o f  "o’** The o r b it
c o n tr a c t io n  i s  ^  -J— . In the 30 MeV. syn ch rotron  "o” i s
(!-n)
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changing v ery  r a p id ly  near the  p r e s e n t  i n j e c t i o n  ra d iu s  w ith  
a va lu e  approaching u n i t y .  Small e r r o r s  in  the ch o ice  o f  
could  thus produce la r g e  erro rs  in  th r e sh o ld  em iss io n s  f o r  g iv e n  
o r b it  c o n tr a c t io n .  In view o f  t h i s ,  i t  would be most i n t e r e s t i n g  
to  measure the th r e sh o ld  f o r  d i f f e r e n t  gun r a d ia l  p o s i t i o n s  
correspond ing  to  d i f f e r e n t  v a lu e s  o f  "h".
The agreement between c a lc u la te d  and observed r e l a t i v e  
th r e sh o ld s  i s  s u r p r i s in g ly  good. E quation  (22) in d i c a t e s  th a t  
the e l e c t r o s t a t i c  energy component becomes in c r e a s in g ly  
im portant a t  low i n j e c t i o n  v o l t a g e s  and a more c r u c ia l  t e s t  o f  
the v a l i d i t y  o f  t h i s  eq u a tio n  would be t o  measure th r e sh o ld s  
a t  low er  i n j e c t i o n  v o l t a g e s  than 14 kV.
5 . FURTHER CONSIDERATION OF THE SIMPLE CONTRACTION THEORY.
(a) P e r m is s ib le  a x i a l  and r a d ia l  charge spread  
from i n j e c t o r .
I t  has been assumed in  the p rev io u s  c a l c u la t i o n s  th a t  
a l l  the charge em itted  from the in j e c t o r  cou ld  c i r c u la t e  fo r  
the  maximum p e r m is s ib le  r e v o lu t io n s  N g iv e n  by eq u a tio n  ( 1 4 ) .
In p r a c t ic e  the  charge em itte d  by th e  gun w i l l  have an a x ia l  and 
r a d ia l  sp rea d . I t  i s  p o s s ib le  to  e s t im a te  f a i r l y  r e a d i l y  the  
a llo w a b le  a x i a l  spread fo r  th e  assum ption  to  be v a l i d .
Suppose the p a r t i c l e s  are in j e c t e d  from a p o in t  
d is p la c e d  a x i a l l y  from th e  median plane by a d is ta n c e  , and 
w ith  an an g le  to  the h o r iz o n t a l  p lan e  o f  .
Then
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where oO^  = p a r t i c l e  an gu lar  v e l o c i t y  
P\i -  in s ta n ta n e o u s  o r b it  ra d iu s
Hence oo^  %
Equation  (9) g iv e s  the eq u a tio n  govern ing  the r a d ia l  o s c i l l a t i o n  
am plitude and i t  can be s i m i l a r l y  proved th a t  th e  a x ia l  
o s c i l l a t i o n  am plitude i s
■ -
where = angular freq u en cy  o f  a x i a l  o s c i l l a t i o n
=  . . . . . ( 2 3 )
because
The 30 MeV. gun f i la m e n t  c o n s i s t s  o f  a tu n g sten  
h e l i x  w ith  a w ire  le n g th  o f  about 50 mm. and a c o i l  l e n g t h  o f  
16 mm. The e m it t in g  le n g t h  i s  o n ly  about 50^ o f  th e se  v a lu e s  
owing to  end c o o l in g  e f f e c t s ,  and th e r e fo r e  the maximum va lu e  
can take i s  about ài 5  mm. The maximum a l lo w a b le  va lu e  o f  
to  a v o id  o b s tr u c t io n s  i s  about ±  2 cm ., and i t  i s  p o s s ib l e  
to  c a l c u la t e  from eq u a tio n  (23) the maximum v a lu e s  can
take f o r  th e  two l i m i t i n g  c o n d it io n s  = 0  and = ± 0 . 5  cm,
f o r  g iv e n  v a lu e s  o f  r> and .
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I f  h -  0 .7  and (h = 1 2 . 0  cm. v/e have
(a )  f o r  2  ^ = 0 , ,  o-iàÇff ,
(Li, " '
(b ) f o r  = 0 .5  cm .,  ^ o.,a;T(, <25
« i
The d i f f e r e n c e  between th ese  i s  v ery  sm a ll  and hence fo r  a l l  the  
charge to  be a c c e p ta b le  the v e r t i c a l  spread  must n o t  exceed  
about J: 8 ^.
C o n s id e ra t io n  o f  the p e r m is s ib le  r a d ia l  spread i s  
d i f f i c u l t  because not on ly  i s  i t  n e c e s s a r y  to  co n s id e r  th e  a c tu a l  
p e r m is s ib le  o s c i l l a t i o n  a m p litu d e , but a l s o  th e  number o f  
r e v o lu t io n s  the p a r t i c l e s  can make b e fo r e  s t r i k i n g  the  gun.
In  th e  30 MeV. machine the m agnetic  f i e l d  f o c u s s in g  
a c t io n  ex ten d s to  about 1 2 .7 5  -  1 3 .0  cm. r a d iu s ,  which i s  about 
the o u ter  o s c i l l a t i o n  l i m i t  imposed by the r e s o n a to r .  The
ta r g e t  i s  s i t u a t e d  a t  about 8 .5  -  8 .7 5  cm. ra d iu s  and forms the
in n er  o s c i l l a t i o n  l i m i t .  Thus p a r t i c l e s  in j e c t e d  when the  
in s ta n ta n e o u s  o r b i t  i s  near th e  gun cannot have an o s c i l l a t i o n  
am plitude g r e a te r  than about 1  cm., w h i l s t  the maximum a llo w a b le  
am plitude f o r  th o se  in j e c t e d  l a t e r  cannot exceed  2 .2 5  cm. when 
= 1 .5  cm.
The am plitude o f  r a d ia l  o s c i l l a t i o n  i s  g iv e n  by
= f  ^  ^      (24 )
V alues o f  are g iv e n  in  t a b le  X as a fu n c t io n  o f  ^  and .
When ^  * 0 .2  cm. the maximum p e r m is s ib le  o s c i l l a t i o n  o f  1 cm.
r e q u ir e s  0^ ^  ^ , but when ^  -  1 . 5  cm., the  l i m i t  o f
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2 .2 5  cm. am plitude in c r e a s e s  0 ^  to  ± 5^ a p p ro x im a te ly . These  
v a lu e s  form the upper l i m i t  to  the r a d ia l  spread i f  we do n o t  
take in t o  account the a c tu a l  p r o ce ss  o f  i n j e c t i o n .  I t  i s  now 
n e c e s s a r y  t o  a s c e r t a in  whether charge i n j e c t e d  w ith  t h i s  r a d ia l  
angular  spread can c i r c u la t e  f o r  turns g iv e n  by eq u a tio n  ( 1 4 ) ,
i . e .  between 5 and 15 r e v o lu t io n s .  The a p p ro p r ia te  eq u a tio n  f o r  
n o n - ta n g e n t ia l  i n j e c t i o n  i s  eq u a tio n  (13 )  where
V alues f o r  ti corresponding  to  the  g iv e n  v a lu es  o f  ^  and 
are p resen ted  in  t a b le  X. As w i l l  be seen  i t  i s  p o s s ib le  f o r  
p a r t i c l e s  w ith  h ig h  o s c i l l a t i o n  am plitu des  to  c i r c u l a t e  many 
more tim es than those  w ith  low am plitu d es or i n j e c t e d  
t a n g e n t i a l l y .  However, in  th e  d e r iv a t io n  o f  eq u a tio n  (13) i t  
was p o in ted  out th a t  those  p a r t i c l e s  i n j e c t e d  away from th e  
e q u il ib r iu m  o r b it  r e q u ir ed  a " p rogress ion "  o f  th e  a m p litu d e ,  
w h i l s t  th o se  in j e c t e d  towards the e q u il ib r iu m  o r b i t  re q u ir ed  a 
" r e tr o g r e ss io n "  in  order to  r e a l i s e  the f u l l  v a lu e  o f  
C onsequently  c o n d it io n s  can n ever  a t  any one in s t a n t  be fa v o u r ­
ab le  f o r  a l l  the charge to  c i r c u la t e  f u l l y ,  though they  may be 
fa v o u r a b le  f o r  d i f f e r e n t  s e c t io n s  o f  the charge a t  d i f f e r e n t  
i n s t a n t s .  I t  i s  th e r e f o r e  v ery  d eb a ta b le  w hether a l l  the  
in j e c t e d  ch arge , even i f  co n ta in ed  in  th e  a l lo w a b le  sp rea d ,  
could  c i r c u la t e  f o r  the  re q u ir ed  r e v o lu t io n s .
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( cm. ) ( cm. )
" A/ " -  max. 
turns
1 .7 5 ± 2 ° 4 9 ' 34
1 .5 2 . 0 0 i  4 °  9» 48
2 .2 5 ± 5°15 ' 75
•0.3
± 4 0 -  
or ± 2 0 '* 1 0
0 . 2 0 .5 ± 1 ° 2 6 - 2 0
1 . 0 + 3° 3- 43
Table X.
 ^ C a lc u la ted  assuming h = 0 . 9 ,  ^  = 1 2 .0  cm. f o r  g r e a te r  , 
average va lue  o f  o  probably  near 0 .7 .
One may c o n s id e r  the p o s s i b i l i t y  o f  a p o r t io n  o f  the  
charge c i r c u la t in g  f o r  many r e v o lu t io n s  and t h a t ,  though most 
o f  the  charge i s  b e in g  l o s t  a f t e r  a few r e v o l u t i o n s ,  the n e t  
charge (due to  gun e m is s io n )  i s  c o n t in u o u s ly  in c r e a s in g  over  
the many r e v o lu t io n s  and b e in g  s u f f i c i e n t  to  prov ide the e x tr a  
damping req u ired  to  m iss  the i n j e c t o r .  As an exam ple, c o n s id e r  
p a r t i c l e s  in j e c t e d  when ^  = 1 .5  and = 2 .2 5 .  These  
p a r t i c l e s  can c i r c u la t e  f o r  75 r e v o lu t io n s  and r e q u ire  t o  be 
damped about 1 cm. C a lc u la t io n  r e v e a ls  th a t  in  order to  g iv e  
the  same th r e sh o ld  em iss io n  o f  110 mA. f o r  38 kV. i n j e c t i o n  
once a g a in  a l l  the charge must c i r c u l a t e  f o r  the  f u l l  75 
r e v o lu t io n s  because A/2 i s  ^  t il  and though N has in c r e a s e d
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f i v e  t im es so  has à f l  • T his l a t t e r  s u g g e s t io n  th e r e fo r e  
appears a l s o  t o  be u n l i k e l y .
(b) S e l f - c o n t r a c t i o n  as a r e v e r s i b l e  p r o c e s s .
The s to r a g e  o f  energy  as p r e v io u s ly  d e sc r ib e d  i s  a 
r e v e r s ib l e  p r o c e s s ,  th a t  i s  to  sa y ,  en ergy  i s  s to r e d  during  
a p er io d  o f  b u ild -u p  o f  the c i r c u la t in g  ch arge , but i f ,  su b se ­
q u e n t ly ,  some charge i s  l o s t ,  th e  s to r e d  energy  o f  the  rem aining  
p a r t i c l e s  d e c r e a s e s .  Hence, though the in s ta n ta n e o u s  o r b i t  may 
c o n tra c t  w h i l s t  th e  current i s  in c r e a s in g ,  i t  w i l l  expand i f  
the current d e c r e a s e s .  I t  would appear from t h i s  th a t  i t  i s  the  
n et  change in  c i r c u la t in g  charge w hich governs o r b it  c o n tr a c t io n  
or e x p a n sio n . The n et  r a te  o f  change g iv in g  c o n tr a c t io n  can 
never  be g r e a te r  than th e  gun e m iss io n ;  co n se q u en tly  the  b e s t  
c o n d it io n s  have been assumed in  the p rev io u s  c a l c u la t i o n s  and 
may n ever  occur in  p r a c t i c e .  I t  a l s o  appears th a t  the charge  
in  c i r c u l a t i o n  a t  the end o f  "A/" r e v o lu t io n s  can on ly  be l o s t  
r e l a t i v e l y  s lo w ly  during the p er io d  req u ired  fo r  K erst and 
Berber damping so  th a t  th e  expan sion  due to  l o s t  charge never  
ex ceed s  c o n tr a c t io n  due to  K erst and Berber damping. This kind  
o f  argument appears to  be the o n ly  one by w hich one can e x p la in  
the mechanism o f  in t e r n a l  i n j e c t i o n  by s e l f - c o n t r a c t i o n .
( c )  E f f e c t  o f  space charge on r a d ia l  o s c i l l a t i o n  a m p litu d e .
W h ils t  the  c i r c u l a t i n g  charge i s  in c r e a s in g  th e  f o r c e s
due to  space charge and c i r c u la t in g  current w i l l  a l s o  in c r e a s e .
The e l e c t r o s t a t i c  f o r c e  i s  a d e fo c u s s in g  one, w h i l s t
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th e  e le c tr o m a g n e t ic  fo r c e  has a f o c u s s in g  a c t i o n ,  but a 
magnitude o f  o n ly  x  e l e c t r o s t a t i c  f o r c e .  For normal 
i n j e c t i o n  v o l t a g e s  0 .1  -  0 .1 5  and the l a t t e r  fo r c e  may
be n e g le c t e d .  The n e t  a d d i t io n a l  f o r c e  w i l l  th e r e fo r e  be a 
d e fo c u s s in g  one which w i l l  tend to  in c r e a s e  the  am plitude o f  
p a r t i c l e  r a d ia l  o s c i l l a t i o n ,  and thus oppose K erst c o n tr a c t io n .  
T his was f i r s t  su g g es ted  to  the au thor by Mr. V.A. Hughes, o f  
the E n g lis h  E l e c t r i c  Company. I t  i s  p o s s ib l e  t o  c a l c u la t e  the  
magnitude o f  t h i s  e f f e c t  f a i r l y  r e a d i l y  i f  one assumes th a t  the 
r a d ia l  energy o f  the p a r t i c l e s  during  charge b u ild -u p  remains  
unchanged.
At th e  in s ta n ta n e o u s  o r b i t  If.
- S r  fii
At any o th er  ra d iu s  fi , d i s p la c e d  by d i s t a n c e  ^  from  
the in s ta n ta n e o u s  o r b i t ,  the n et  f o c u s s in g  f o r c e ,  n e g le c t in g  
sp ace  charge
= .
R
-n
but Hu -  and R -
. « F o cu ss in g  fo r c e  =
^  CRi
-n
t
-n
I t
Net fo c u s s in g  fo r c e  = -omsJtliP -f- because ^
” r f  %
-  -  hKw ^ / v u ^
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(25)
The r a d ia l  energy  o f  a p a r t i c l e  i n j e c t e d  t a n g e n t i a l l y  when 
P -  Pt> i s  g iv e n  by
Assume th a t  a f t e r  b u ild -u p  th ere  i s  a un iform  space charge  
d e n s i t y  Cj^  e . s . u / c c .  and th a t the beam c r o s s - s e c t i o n  i s  c i r c u la r  
w ith  c e n tr a l  a x i s  a t  the in s ta n ta n e o u s  o r b i t .
The a d d i t io n a l  d e fo c u s s in g  fo r c e  %
.
. . New am plitude o.^ o f  r a d ia l  o s c i l l a t i o n  assum ing th e  
p a r t i c l e  r a d ia l  energy  does n o t  change i s  g iv e n  by
The in c r e a se  in  am plitude i s  g iv e n  by Ad^ where
and ■ r^yx^  " f ]   ^ ( f o ^
[}^^0 " ^  5 "itcyj ^
But a. = J i±   making the  same assum ptions as f o r  the
rrp i'f
c a l c u la t i o n  or K erst c o n tr a c t io n .
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:  A  I f / -  € , « i C  ] ÿ   » 6 )
If & H L  d i  $ r y \ , ^ ^ ^ ^ h ^ C > ~ > ^ ' ) this simplifies to
A o f  =  (27)
We may now compare the  magnitude o f  Aa»/ w ith  the
magnitude o f  K erst c o n tr a c t io n  as g iv e n  in  the example o f  the
s i m p l i f i e d  th e o r y .
I t  was found th ere  th a t  f o r  = 2 ram., N % 1 5 ,
|0^  = 2 cm., t) = 0 . 7 ,  ^  * 10 cm. and ^  » 0 .3 7 4 ,  th a t
I = 0 . 1 1  amps.
S u b s t i t u t in g  th e se  v a lu e s  in  eq u a tio n  (27)
fS". 0*n. 10^ Ckw 
fo. 9-0 . 10'^ .^ % . (0-^7* )^^* 9* 0*à
— 0 .3 3  cm.
S u b s t i t u t in g  in  eq u ation  (26) w hich g iv e s  the  more 
a cc u r a te  r e s u l t s ,
A cL f = 0 '4 0  cm.
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The r a th e r  s u r p r is in g  r e s u l t  i s  o b ta in ed  th a t  the in c r e a se  in  
o s c i l l a t i o n  am plitude i s  double the c o n tr a c t io n  due to  energy  
s t o r a g e .
13
In a r e c e n t  p u b l ic a t io n ,  K erst e t  a l  d i s c u s s  the  
a c t io n  o f  a "contractor"  in  the 22 MeV. b e ta tr o n .  From 
exp er im en ta l measurements on the p u lse  o f  f l u x  in  a lo o p  under  
the o r b i t  due to  th e  c i r c u l a t i o n  o f  th e  in j e c t e d  e l e c t r o n  beam, 
th ey  e s t im a te  the c o n tr a c t in g  e f f e c t  to  be a t  l e a s t  1 . 1  mm.
They s ta te d  however, th a t  th e  amount o f  c i r c u l a t i n g  current  
im m ediate ly  a f t e r  i n j e c t i o n  which would be n e c e s sa r y  to  produce  
t h i s  c o n tr a c t io n  i s  s e v e r a l  t im es  the 1 /5  amp. w hich  they  know 
reach es  the  t a r g e t .  In any case the req u ired  c o n t r a c t io n ,  
accord in g  to  t h e i r  i n j e c t o r  d im en s io n s , needs to  be about 2 mm. 
a lth ou gh  they  do not s t a t e  t h i s .
They a l s o  d i s c u s s  the e f f e c t  o f  space charge on 
o s c i l l a t i o n  a m p litu d e , assum ing the p ro ce ss  to  be a d ia b a t i c ,  
but th ey  do so in  a d i f f e r e n t  way from t h a t  adopted in  s e c t io n  
5 ( c ) .  They c o n s id e r  th e  r e d u c t io n  in  am plitude induced by a 
l o s s  o f  c i r c u l a t i n g  charge and conclude th a t  a l o s s  o f  2 /3  amp. 
i s  s u f f i c i e n t  to  damp th e  o s c i l l a t i o n s  by 2 ram. But what th ey  
do not m ention  i s  the r e v e r se  p r o c e ss  which may occur as the  
charge i s  b u i ld in g  u p , and w hich , on t h i s  b a s i s ,  i s  g r e a te r  by 
0 . 9  mm. than the c o n tr a c t io n  produced by a c i r c u l a t i n g  cu rren t  
o f  ap prox im ate ly  th e  same magnitude ( i . e .  s e v e r a l  t im es  1 / 5  amp.). 
T his w ould, t h e r e f o r e ,  confirm  the c o n c lu s io n  a r r iv e d  a t  p r e v i ­
o u s ly  th a t  o s c i l l a t i o n  am plitude in c r e a s e  i s  g r e a te r  than s e l f ­
c o n t r a c t io n .
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6 . CONCLUSIONS CONCERNING THE SELF-CONTRACTION THEORY*
A sim ple th eory  based  on K erst c o n tr a c t io n  has been  
developed# This th eory  f a i l s  to  account f o r  the  a b so lu te  
th r e sh o ld  e m iss io n s  ob served , but does accou n t f o r  t h e i r  
r e l a t i v e  v a lu e s ,  over the  range o f  i n j e c t i o n  v o l t a g e s  u s e d .  I t  
i s  s u g g e s te d  th a t  fu r th e r  experim ents  be performed to  determ ine  
the e f f e c t  o f  gun r a d ia l  p o s i t i o n ,  to  compare c a l c u la t e d  and 
observed  th r esh o ld  v a lu e s  a t  low er i n j e c t i o n  v o l t a g e s ,  and a l s o  
more c a r e fu l  c a l ib r a t i o n  o f  gun em iss io n  i s  r e q u ir e d .
One o f  the assum ptions o f  the  th e o r y ,  th a t  a l l  e m it te d  
charge should  be capable o f  c i r c u l a t i n g  f o r  a g iv e n  number o f  
r e v o l u t i o n s ,  appears u n l i k e l y  to  be s a t i s f i e d  in  p r a c t i c e ,  
though i t  i s  found th a t  a f r a c t io n  o f  the  charge may be capable  
o f  many more r e v o lu t io n s .  This apparent advantage i s  o f f s e t  
by th e  e x tr a  damping r e q u ir e d  t o  m iss  the i n j e c t o r  and a ga in  
does n ot appear t o  account f o r  observed  t h r e s h o ld s .  I t  would be 
i n t e r e s t i n g  to  carry  out experim ents to  determ ine the a c t u a l  
an gu lar  charge d e n s i t y  spread  from the in j e c t o r  and f o r  t h i s  
purpose one cou ld  u se  e i t h e r  a rubber model or mount the  
in j e c t o r  in  a C.R.O,. arrangement and f i r e  the beam a t  a 
f lu o r e s c e n t  s c r e e n .
By assum ing the  r a d ia l  energy  o f  the p a r t i c l e s  to  
remain con stan t i t  seems th a t  the in c r e a se  in  o s c i l l a t i o n  
am plitude due t o  space charge i s  always g r e a te r  than K erst  
c o n t r a c t io n .
Both th e se  p r o c e s s e s s  are p a r t i a l l y ,  i f  n o t  e n t i r e l y ,
4 ^r e v e r s i b l e  and one might su g g e s t  th e r e fo r e  th a t  i n j e c t i o n
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may take p la c e  on ly  when th e  space charge i s  d e c r e a s in g  and 
o s c i l l a t i o n  am plitude a l s o  d e c r e a s in g ,  but no q u a n t i t a t iv e
th eo ry  can be su g g e s te d  a t  p r e s e n t .  Another a l t e r n a t i v e  i s
th a t  some p o s i t i v e  io n s  are formed by c o l l i s i o n s  w ith  the
r e s id u a l  gas and are trapped f o r  a sh o r t  time in  the p o t e n t i a l
w e l l  a t  the  cen tre  o f  th e  beam and thus n e u t r a l i z e  the  e l e c t r o n
space ch arge . No c a l c u la t i o n s  have been a ttem p ted  on t h i s
b a s i s ,  but q u a l i t a t i v e l y  one might ex p ec t  r a th e r  p e c u l ia r  e f f e c t
o f  the  v a r ia t io n  o f  output w ith  p r e s s u r e ,  a phenomenon n o t
39observed in  experim ents by W atson. F a i l i n g  t h i s ,  i t  would
seem th a t  some o th er  mechanism must be sought f o r  e x p la in in g
46s u c c e s s f u l  i n j e c t i o n .  Very r e c e n t l y ,  BQrden proposed th a t  
resonance damping may a s s i s t  in  s u c c e s s f u l  o p er a t io n  and i t  
would be most i n t e r e s t i n g  to  determ ine w hether experim ents  
could  be d e v is e d  t o  d i f f e r e n t i a t e  between t h i s  and K erst s e l f ­
c o n t r a c t io n .
7 .  BETATRON AND SYNCHROTRON OUTPUT AS A FUNCTION OF 
BIAS VOLTAGES APPLIED TO INJECTOR'ANODES. '
A lthough n ot d e s c r ib e d  in  Chapter V I, an o th er  o f  the  
experim ents to  determ ine the e f f e c t  o f  o p e r a t in g  param eters on 
b e ta tr o n  output was to  ap p ly  b ia s  v o l t a g e s  to  the gun anodes.  
I n j e c t o r s  are  p rov id ed  w ith  two e l e c t r i c a l l y  se p a r a te  an od es,
A and B in  f ig u r e  8 5 , and i t  i s  p o s s ib l e  t o  b ia s  e i t h e r  o f  
th e se  n e g a t iv e ly  w ith  r e s p e c t  t o  e a r th  by tapp in g  on to  the  
lo a d  r e s i s t a n c e  a c r o s s  th e  secondary  o f  the p u ls e  tra n sfo r m e r .  
The r e s u l t  o f  b ia s s in g  anode A n e g a t iv e ly  w i l l  be to  d e f l e c t
itta
î!î: 4J.MI H
ixizt
iiOUiimi
—VC kV b ia s  t o  a n o d e  A -VC kV bias to a n o d e
F igu re 85
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thô beam upwards in  the diagram , tn a t  i s ,  r a d i a l l y  inwards 
towards the inner donut w a l l  in  the m achine. B ia s s in g  B 
n e g a t iv e ly  w i l l  d e f l e c t  the beam r a d i a l l y  outw ards. The tr a n s ­
former lo a d  r e s i s t a n c e  a t  the tim e o f  th e  experim ent c o n s i s t e d  
o f  n in e  3 r e s i s t o r s  p lu s  th r ee  1 k*j(v-re s i s  t o r s ,  th e se  l a t t e r  
b e in g  a t  the e a r th y  end and so  i t  was p o s s ib l e  o n ly  to  vary  the  
b ia s  in  s t e p s .  An i n j e c t i o n  v o l t a g e  o f  30 kV. was chosen and 
the  gun e m iss io n  f i x e d  a t  the optimum v a lu e  f o r  zero  b ia s  on . 
both  an od es . B ia s  was then a p p l ie d  to  each  anode in  turn and 
the i n j e c t i o n  t im in g  v a r ied  t o  g iv e  maximum o u tp u t .  The n e t  
e f f e c t  o f  b ia s s in g  i s  a l s o  shown by th e  curve ( i )  in  f i g u r e  85 ,  
from w hich i t  w i l l  be seen  th a t  maximum output occurs w ith  
anode A b ia s s e d  s l i g h t l y  n e g a t iv e  and drops away r e l a t i v e l y  
s lo w ly  w ith  in c r e a se d  b i a s .  Any b ia s  a p p l ie d  to  B red u ces  the  
output and the  s lo p e  o f  the curve i s  much g r e a te r  than f o r  A. 
When t h i s  experim ent was performed no s p e c i a l  s i g n i f i c a n c e  was 
p la ce d  on the shape o f  t h i s  curve and i t  was thought th a t  i t  
may be due t o  la c k  o f  symmetry in  gun c o n s t r u c t io n .  Arguments 
p r e v io u s ly  g iv en  in  c o n s id e r in g  K erst c o n tr a c t io n  in d i c a t e  th a t  
a more fundam ental cause may be r e s p o n s ib le .  Table X shows th a t  
i t  may be p o s s ib le  f o r  p a r t i c l e s  not in j e c t e d  t a n g e n t i a l l y  to  
c i r c u la t e  many more t im es than th o se  w hich a r e ,  i f  c o n d it io n s  
are fa v o u r a b le .  For th o se  p a r t i c l e s  i n j e c t e d  towards th e  in n er  
donut w a l l  one o f  th e  requ irem ents i s  th a t  the peak o s c i l l a t i o n  
am plitude s h a l l  r e t r o g r e s s  round the donut w h i l s t  f o r  th o se  
i n j e c t e d  outw ards, i t  has t o  p r o g r e s s .  In the 30 MeV. machine
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the average va lu e  o f  n i s  -< 0 .7 5  and w i l l  p rob ab ly  le a d  to  a 
r e t r o g r e s s io n  f o r  tne m a jo r ity  o f  in j e c t e d  p a r t i c l e s .  Thus, 
one might ex p e c t  th o se  p a r t i c l e s  i n j e c t e d  towards the  inner  
donut w a l l  to  be fa v o u r ed , and t h i s  i s  e x a c t l y  what cou ld  be 
in fe r r e d  from the curve in  f i g u r e  8 6 . As soon as t h i s  was 
r e a l i s e d ,  i t  was d e c id e d  to  rep ea t  the ex p er im en t. For t h i s  
second experim ent i t  was n o t  con ven ien t  to  measure b e ta tr o n  
output and t h e r e fo r e  syn ch rotron  ou tput was measured I n s t e a d .
In a d d i t io n ,  the ex p er im en ta l tech n iq u e u se d  was s l i g h t l y  
d i f f e r e n t  in  th a t  in s t e a d  o f  m a in ta in in g  the gun em iss io n  
co n s ta n t  throu gh ou t, i t s  va lu e  was v a r ie d  w ith  each b ia s  t o  g iv e  
the optimum o u tp u t .  The i n j e c t i o n  v o l ta g e  chosen was 33 kV. 
as t h i s  happened to  be con ven ien t  and was co n s id e r e d  not  
s i g n i f i c a n t l y  d i f f e r e n t  from th a t  o f  th e  p rev io u s  exp er im en t.
The r e s u l t i n g  curve ( i i )  a l s o  i s  g iv e n  in  f ig u r e  85 . The 
asymmetry i s  even more pronounced than b e fo r e .  As the gun in  
u se  in  the second experim ent was n o t  th a t  used  in  the f i r s t ,  
and was a l s o  in  a d i f f e r e n t  az im uthal p o s i t i o n ,  the e f f e c t  i s  
not l i k e l y  to  be due to  f a u l t y  gun c o n s tr u c t io n  or some 
p e c u lif f ir i ty  o f  the g u id in g  f i e l d .
I f  the shape o f  th e  curve i s  due to  fa v o u r in g  o f  
c e r ta in  a n g le s  o f  i n j e c t i o n  then i t  lo o k s  from the  graph as i f  
most o f  the charge i n j e c t e d  outwards i s  not a c c e p te d .  T h is  
fo l lo w s  from the ex tre m e ly  rap id  d e c r e a se  o f  output w ith  b ia s  
a p p lie d  to  anode B. I f  t h i s  argument i s  c o r r e c t ,  then i t  may be 
th a t  much more e f f i c i e n t  i n j e c t i o n  could  be o b ta in ed  by
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cons t r a c t  ing  an in j e c t o r  to  g iv e  a narrow p e n c i l  o f  ch arge , o f  
which the d i r e c t i o n  could be v a r ie d ,  in s te a d  o f  a f a i r l y  wide  
cone such  as i s  e m it te d  from th e  p r e s e n t  type o f  gun.
Some ev id en ce  o f  the  p o s s i b i l i t y  o f  p a r t i c l e s  
c i r c u la t in g  many r e v o lu t io n s  b e fo r e  s t r i k i n g  th e  i n j e c t o r  i s
47 1 3
g iv e n  by Adams and K erst e t  a l  in  a d e s c r ip t i o n  o f  the  
o p e r a t io n  o f  " c o n tr a c to r  c o i l s "  above and below the  o r b i t  to  
in c r e a se  b e ta tr o n  y i e l d .  These c o i l s  are  n orm ally  p u lse d  a t  
i n j e c t i o n  t im e , but Adams f in d s  th a t  a n e a r ly  normal in c r e a s e  
i s  o b ta in ed  when i t  i s  t r ig g e r e d  in  the order o f  1 yusec. a f t e r  
i n j e c t i o n .  This corresponds to  e l e c t r o n s  h av ing  a lr e a d y  
accom plished  1 0 0  r e v o lu t io n s .
I t  i s  to  be n o ted  th a t  the p r e s e n t  experim ents on
the e f f e c t  o f  anode b ia s  are not r e a l l y  c o n c lu s iv e  because by
a p p ly in g  a n e g a t iv e  b ia s  to  anode B an e l e c t r i c  f i e l d  i s
produced in  the  r e g io n  between t h i s  anode and c o a t in g  in
a d d it io n  to  d e f l e c t i o n  o f  the em itted  beam. The p a r t i c l e s  on
subseq uent r e v o lu t io n s  have to  pass through t h i s  f i e l d  and may
be d e f l e c t e d  by i t .  However, the f a c t  th a t  th e  curve a lr e a d y
has a n e g a t iv e  s lo p e  w ith  zero  b ia s  in d i c a t e s  th a t  t h i s  e f f e c t
may not be g r e a t l y  s i g n i f i c a n t .  A ls o ,  i t  i s  found on the 336
%
MeV. syn ch ro tron  th a t  c u t t in g  a s l i t  in  the b ack sid e  o f  the  
i n j e c t o r ,  which w i l l  produce a s im i la r  d e f l e c t i n g  f i e l d  w ith o u t  
d e f l e c t i n g  the e m it te d  beam, a c t u a l l y  improves the  output by a 
f a c t o r  o f  f i v e .  N e v e r t h e le s s ,  i t  would be b e t t e r ,  i f  p o s s ib le  
to  ap p ly  p o s i t i v e  b ia s  to  A r a th e r  than  n e g a t iv e  b ia s  to  B.
X P r iv a te  communication.
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Another p o s s ib le  i n t e r e s t i n g  experim ent would be to  
change the va lu e  o f  a t  i n j e c t i o n  t im e , by current ca rry in g  
c o i l s ,  so  as to  in c r e a se  i t s  va lu e  above 0 .7 5  and then  r e p e a t  
the b ia s  e x p e r im e n ts ,  to  se e  i f  outw ardly  in j e c t e d  p a r t i c l e s  
were fa v o u red .
A d d it io n a l  ev id en c e  o f  th e  fa v o u r in g  o f  p a r t i c l e s  
in j e c t e d  towards the e q u il ib r iu m  o r b i t  was o b ta in ed  by a s i n g l e  
experim ent to  a d ju s t  the gun o r i e n t a t io n  in  a h o r iz o n t a l  p lane  
by th e  tombac b e l lo w s .  U n f o r tu n a te ly ,  i t  was p o s s ib l e  o n ly  to  
turn through an ex trem ely  sm all a n g le ,  but a g a in  o f  some 1 0 ^ 
in  ou tput was ob ta in ed  by tu rn in g  the em itte d  beam towards the 
in n er  donut w a l l .
8 . SELF-CONTRACTION AND EXPERILIENTAL CURVES OF BETATRON 
OUTPUT AS A FUNCTION OF GUN EMISSION.
In Chapter V I, S e c t io n  3 ( a ) ,  experim ents were 
d e s c r ib e d  o f  the v a r ia t io n  o f  b e ta tr o n  output as a f u n c t io n  o f  
gun e m is s io n  f o r  v a r io u s  i n j e c t i o n  v o l t a g e s ,  and a fa m i ly  o f  
exp er im en ta l curves was reproduced in  f ig u r e  5 6 . The curves  
showed t h a t ,  f o r  any chosen i n j e c t i o n  v o l t a g e ,  the output  
remained n e g l i g i b l e  u n t i l  a c e r t a in  th r e sh o ld  em iss io n  was 
reached  above w hich i t  r o s e  r a p id ly  t o  a maximum and then  
d ec r ea se d  g r a d u a l ly  to  zero  as the e m iss io n  was fu r th e r  
in c r e a s e d .  As f a r  as i s  known, th e se  curves dem onstrate fo r  
the f i r s t  time th a t  i t  i s  p o s s ib l e  to  reduce the output to
I
zero  by e x c e s s  e m is s io n .  To e x p la in  t h i s  phenomenon i s  n o t
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e a sy ,  but in  the f o l lo w in g ,  a very crude theory  based on s e l f ­
c o n tra c t io n  i s  put forward as a p o s s ib le  s o lu t io n .  U n fo rtu n a te ly  
i t  has n ot been p o s s ib le  to  carry out a f u l l  in v e s t ig a t io n  and, 
as w i l l  become c l e a r ,  a good d ea l more thought on the s u b je c t  i s  
s t i l l  req u ired . N e v e r th e le s s ,  i t  i s  hoped th a t  the theory  a t  
l e a s t  provides a s t a r t in g  p o in t fo r  fu r th e r  c o n s id e r a t io n .
Suppose th a t, as f o r  th e  image c a l c u la t i o n s ,  the  
c ir c u la t in g  charge forms a cy lin d er  o f rad ius , o f  which the
maximum value i s  l im i t e d  by the r a d ia l  se p a ra tio n
between the gun and t a r g e t .  Assume a ls o  th a t  during the 
c ir c u la t in g  charge b u ild -u p  period  s e l f - c o n t r a c t io n  takes p lace  
and th a t  the whole cy l in d e r  moves r a d ia l l y  inwards by an amount 
equal to  the s e l f - c o n t r a c t i o n .  This w i l l  lea d  to  a red u ct io n  
in  the cy l in d er  rad ius because o f  the f ix e d  r a d ia l  p o s i t io n  of  
the t a r g e t ,  and a t  the end o f  b u ild -u p  the rad iu s  w i l l  be 
à f i i  where i s  the se I f - c o n t r a c t  io n .
I f  i t  i s  fu r th e r  assumed t h a t ,  as f o r  the th resh o ld  
c a lc u la t io n s ,  a l l  the charge em itted  by the gun c i r c u la t e s  
during the few b u ild -u p  r e v o lu t io n s  ( W ) then the charge 
d e n s i t y ,  u n lik e  the charge r a d iu s ,  w i l l  in crea se  w ith  the  
em is s io n .  The t o t a l  charge depends on both charge d e n s i t y  and 
c y l in d e r  rad ius and w i l l  th e r e fo r e  a l s o  depend on the em iss io n .  
I t  i s  in t e r e s t i n g  to  c a lc u la te  on t h i s  b a s is  how the charge a t  
the end o f  b u ild -u p  might be expected  to  vary w ith  the em ission  
and to  compare w ith  the curves of f ig u r e  56.
The d e r iv a t io n  o f  an e x p r e ss io n  fo r  the t o t a l  charge
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la  r e a d i ly  o b ta in a b le  as f o l lo w s
The charge rad ius
(from equation  (2 2 ))  assuming the  charge can 
c i r c u la t e  f o r  f i v e  r e v o lu t io n s  i s  g iv e n  by
!, ) (xMyg f
The e l e c t r o s t a t i c  component o f  the c o n tr a c t io n  ( / p  ) i s  
sm all compared w ith  the e le c tr o m a g n e t ic  component a t  normal 
i n j e c t i o n  v o l t a g e s  and can be ign ored . I n s e r t in g  the p r a c t i c a l  
v a lu e  o f  1 . 6  cm ., corresponding  to  a r a d ia l  c lea ra n ce
between gun and ta r g e t  o f  3 . 2  cm s., we have
~ /*b — I. . . . . . . . . . . . . . . . . . . . . . .  (28 )
£
I f ,  as appears r e a so n a b le ,  i t  i s  assumed th a t  the charge d e n s i t y  
does not vary w ith  the c y l in d e r  r a d iu s ,  then
but ^ and in s e r t i n g  fV = 5 , and
changing t in t o  am ps.,
a n i 'L y f
Hence the charge per u n i t  l e n g t h  o f  th e  c y l in d e r  •
t J hip — t.» t ? . ? a ., s u .,
57i &
T o t a l  c h a r g e
nil Tir;
ÈësËàli
«lliinlilüi
iiS i
mg
F igure 86a
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and the t o t a l  c i r c u la t in g  charge »
, .......................................... (29)
2-ré.^ I  — g----  ^ J
Taking as an example £  = 38 kV. f o r  which /S = 0 .3 6 6 ,  ta b le  XI 
g iv e s  v a lu es  o f  the t o t a l  c i r c u la t in g  charge f o r  va r io u s  gun 
e m is s io n s ,  A curve of t h i s  charge a g a in s t  em iss io n  i s  p resen ted
• Gun 
em iss io n  
(mA* )
V
50 1 0 0  2 0 0  300 400 500 600 700 800 925
T ota l  
c i r c u la t in g  
charge  
( e . s . u . )
3 .8 3  6 .7 9  1 0 .5 5  1 1 .7 3  1 1 .0 5  9 .0 5  6 .3 5  3 .5 8  1 .2 5  0 .0 0
Table X I,
in  f ig u r e  8 6 a , That p a rt  o f  the curve f o r  e m iss io n s  l e s s  than  
100 mA, i s  drawn in  chain l i n e  because eq u a tio n  (29) i s  only- 
v a l i d  f o r  v a lu e s  o f  i  above the c a lc u la te d  th r e s h o ld ,  which  
fo r  38 kV. i s  about 100 mA, That th ere  i s  some resem blance  
between the  t h e o r e t i c a l  curve and the p r a c t i c a l  curve o f  
f ig u r e  56 cannot be doubted . I t  may be remembered th a t  when 
comparing c a lc u la te d  and measured th r e sh o ld s  p r e v io u s ly ,  the  
former was found to  be the  g r e a te r  by about a f a c t o r  o f  two.
I f  now a new t h e o r e t i c a l  curve i s  drawn assuming th a t  the 
em iss io n  fo r  a g iven  c o n tr a c t io n  i s  in  r e a l i t y  50^ o f the  
c a lc u la te d  v a lu e ,  the curve shown in  f ig u r e  8 6 b i s  o b ta in ed ,  
in  which i t  i s  to  be noted  that the peak charge has been
w■O
co
wo>
=#%:: 124: 
litttili i t r ti
r t t r  ÎÜ Î
-arnti,.
Î  t r r :  - - r  : : t :  :
miüHs
niH'
4 0 0  5 0 0  6 0 0
Gun p e a k  e m i s s i o n  f m A l
F igure 86b
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reduced by a f a c t o r  o f  two from 12 e . s . u .  to  6  e . s . u .  This  
f ig u r e  a l s o  shows fo r  comparison a rep rod u ction  o f the  p r a c t i c a l  
curve f o r  38 kV. in  f ig u r e  5b so  norm alized  as to  g iv e  the same 
peak o u tp u t, in  r e l a t i v e  u n i t s ,  as the t h e o r e t i c a l  curve . I t  
w i l l  be seen  th at the peak output now occurs a t  about the same 
e m is s io n ' fo r  both cu rv es ,  but th a t  the  t h e o r e t i c a l  em iss io n  fo r  
zero  output i s  c o n s id er a b ly  l e s s  than the p r a c t i c a l  v a lu e .
I t  i s  su g g es ted  th a t the reason f o r  t h i s  apparent  
d iscr ep a n c y  may be over s i m p l i f i c a t i o n  made in  d e r iv in g  eq u ation  
( 2 9 ) .  Zero output accord in g  to  t h i s  eq u ation  occurs when a 
c o n tr a c t io n  equal to  tak es p la c e .  But in  p r a c t ic e  t h i s
i s  probably untrue because charge in j e c t e d  when the in s ta n ta n ­
eous o r b it  i s  near the gun w i l l  have a very  sm all  
o s c i l l a t i o n  am plitude and in  order to  make t h i s  charge s t r i k e  
the ta r g e t  the c o n tr a c t io n  o f the in s ta n ta n e o u s  o r b it  must be 
approxim ately  equal to  the  t o t a l  r a d ia l  c lea ra n ce  between gun 
and t a r g e t .  The r a d ia l  c lea ra n ce  f o r  the experim ents rep orted  
i s  about 3 . 2  cms. and the c o n tr a c t io n  corresponding to  th r e sh o ld  
em iss io n  i s  0 . 2  cms. from which i t  might be exp ected  t h a t ,  i f  
t h i s  argument i s  sound,' the e x c e ss  em iss io n  g iv in g  zero  output  
w i l l  be about ( ) or 16 tim es the th resh o ld  v a lu e .  Table
XII compares em iss io n s  o f  16 tim es the observed th r e sh o ld  w ith  
exp er im en ta l v a lu es  o f  e x c e s s  e m iss io n  fo r  the b e ta tr o n  curves  
o f  f ig u r e  56 and a l s o  f o r  a s e r i e s  o f  synchrotron  curves not  
shown. I t  w i l l  be seen  th a t  agreement i s  f a i r l y  good and 
c e r t a in ly  len d s  support to  the argument.
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I n je c t io n  (kV) 3 8 .0  3 3 .2  2 3 .6  1 4 .2
Observed 
thre shold  
em iss ion  (mA)
48 45 33 24
Threshold  x 16 
(mA)
770 720 530 385
B eta tron -ob served  
em iss io n  f o r  zero  
output
750 680 610 550
Synchrotron-  
observed em iss ion  
fo r  zero  output
-  7 -800  530 390
Table X II .
A fu r th er  i n t e r e s t i n g  c a l c u la t io n  i s  to  determ ine  
by d i f f e r e n t i a t i o n  o f  equation  (29) the t h e o r e t i c a l  em iss io n  
corresponding  to  peak output fo r  d i f f e r e n t  i n j e c t i o n  v o l ta g e s  
and to  compare th ese  once aga in  w ith  the exp er im en ta l v a lu e s  
o f  f ig u r e  56. This c a lc u la t io n  has been ca r r ie d  out f o r  th r e e  
I n j e c t io n  v o l ta g e s  and th e  r e s u l t s  are ta b u la te d  in  ta b le  X III
I n j e c t io n  (kV )/ 3 8 .0 2 3 .6 1 4 .2
T h e o r e t ic a l  em iss io n  
f o r  peak output (mA ) 310 240 182
Observed v a lu es  (mA) ^170 ^ 1 2 0 - * 1 2 0
T h e o r e t ic a l  em iss io n  
norm alized  to  observed  
a t  38 kV.
170 131 1 0 0
T able X I I I .
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As i s  exp ected  the t h e o r e t i c a l  v a lu es  are a l l  rou gh ly  tw ice  
those  ob served , but the r e l a t i v e  v a r ia t io n s  w ith  i n j e c t io n  
are alm ost I d e n t ic a l  and aga in  support the g en era l th e o ry .
From the fo r e g o in g  i t  appears rea so n a b le  to  suppose  
t h a t ,  a lth ou gh  the problem has been p resen ted  in  a s im p l i f i e d  
form, s e l f - c o n t r a c t i o n  may u l t i m a t e ly  o f f e r  a f u l l  q u a n t i t a t iv e  
s o lu t io n  to  the observed phenomenon. I f  t h i s  i s  s o ,  then one 
ex trem ely  important p o in t  regard in g  i n j e c t i o n  e f f i c i e n c y  a r i s e s  
The c a lc u la t io n s  in d ic a te  th a t  the maximum c i r c u la t in g  charge  
a t  the end o f  r e v o lu t io n s  i s  l im i t e d  by c o n tr a c t io n  and fo r  
38 kV. i n j e c t i o n  has a magnitude o f about 12 e . s . u .  The 
q u e st io n  now a r i s e s  whether t h i s  i s  l i k e l y  to  be the upper  
l i m i t  to  the charge th a t  can be accep ted  during  th e  whole o f  
the i n j e c t i o n  p er iod  which f o r  38 kV. i s  about 1 j u s e c .  
C a lc u la t io n  r e v e a ls  th a t  the c o n tr a c t io n  corresponding to  the  
12 e . s . u .  i s  about 6 - 7  mm. I f  more charge i s  in j e c t e d  w h i l s t  
the beam i s  near to  th is  co n tra cted  p o s i t i o n ,  then  i t  i s  
improbable th a t  i t  w i l l  be accep ted  because i t  w i l l  cause  
a d d it io n a l  c o n tr a c t io n  beyond the optimum. I t  f o l lo w s  from  
t h i s  argument th a t on ly  i f  the beam expands aga in  by an 
a p p r ec ia b le  amount b efore  fu r th e r  i n j e c t i o n  can a p e r c e p t ib le  
a d d it io n a l  q u a n t ity  o f  charge be a c c e p te d .  The beam can on ly  
expand as the r e s u l t  e i t h e r  o f  l o s t  charge and th e r e fo r e  
rega ined  en ergy , or the e x c e ss  energy ga in ed  per turn by v ir tu e  
o f  c i r c u la t in g  a t  a sm a ller  ra d iu s  than the  e q u il ib r iu m . I f  
the former i s  r e s p o n s ib le  then th ere  w i l l  be no g a in .  In the
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l a t t e r  case the d r i f t  i s  slow  and may occupy s e v e r a l  hundred 
r e v o lu t io n s  fo r  a movement o f  1 or 2 ram., a tim e which i s  
comparable w ith  th e  t o t a l  accep tan ce  p er io d  f o r  normal i n j e c t i o n  
v o l t a g e s .  Under th ese  c ircu m sta n ce s ,  i t  seems l i k e l y  th a t  w ith  
p r e se n t  i n j e c t i o n  te c h n iq u e s ,  the charge w i l l  be l im i t e d  to  
12 e . s . u .  fo r  a v o lta g e  o f  38 kV. I f  t h i s  i s  t r u e ,  then the 
working e f f i c i e n c y  o f o p era tin g  a c c e le r a t o r s  i s  c o n s id e r a b ly  
g r e a te r  than a t  p resen t  thought. C ontinuing w ith  the example 
o f  38 kV. i n j e c t i o n ,  i t  can be shown t h a t ,  accord in g  to  ta b le  
V I I I ,  Chapter V II ,  the t h e o r e t i c a l  charge l i m i t  f o r  a c y l in d e r  
rad iu s  o f  1 .6  eras, i s  180 e . s . u .  w ith ou t images and 110 e . s . u .  
w ith  im ages. Thus, tak in g  c o n tr a c t io n  in to  a cc o u n t , the l i m i t  
i s  reduced by a f a c t o r  o f  about f i f t e e n  in  the former case and 
about n ine  in  the l a t t e r .  This b r in g s  the working e f f i c i e n c y ,  
g e n e r a l ly  quoted as about 2% to  the  order o f  20 -  30^. 
Furthermore, i f ,  as appears to  be tne case in  p r a c t i c e ,  the  
current req u ired  to  produce a g iv en  c o n tr a c t io n  i s  one h a l f  the  
c a lc u la te d  v a lu e ,  the peak charge i s  reduced from 12 to  6 e . s . u .  
and co n seq u en tly  the e f f i c i e n c y  in c r e a se d  to  between 40 -  60^.
I f  t h i s  i s  c o r r e c t ,  then w ith  p r e s e n t  in j e c t i o n  tech n iq u es  
th ere  appears very  l i t t l e  chance o f  improving the output o f  
op era tin g  machines to  any c o n s id er a b le  e x t e n t .  But th ere  i s  
s t i l l  the hope, however, th a t  by a p p ly in g  a number o f  d i s c r e t e  
i n j e c t io n  p u ls e s  o f  the ap prop ria te  v o l t a g e ,  each sep a ra ted  by 
a time s u f f i c i e n t  to  a llow  a p p r ec ia b le  ex p a n sio n , a t o t a l  
c i r c u la t in g  charge much n earer  to  the h igher  l i m i t  can be
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a c h le v e d . A l t e r n a t i v e l y ,  i t  may be p o s s ib le  to  employ " o r b it  
co n tra c to r  c o i l s "  in  r e v e r se  so as t o  m ainta in  the c o n tr a c t io n  
sm all during i n j e c t io n  y e t  s u f f i c i e n t  to  a v o id  charge b ein g  
l o s t  to  the back o f  the gun.
9 . SELF-CONTRACTION AND THE EFFECT OF DONUT AXIAL 
HEIGHT ON THE X-RAY OUTPUT.
(a )  G eneral.
A number o f  experim ents has been performed by
d i f f e r e n t  workers on the e f f e c t  o f  a d ju s ta b le  h o r iz o n ta l
1 2 3 16c o n s t r ic t i n g  w ire s  in s id e  the donut. * * ^
Lawson has ca r r ie d  out e x te n s iv e  experim ents on the  
Malvern 30 MeV. syn ch rotron . E lder  e t  a l  have worked on the  
G.E. 70 MeV. synchrotron  and P ro fe sso r  McMillan on h i s  335  
MeV. syn ch rotron . A l l  th ree  re p o r t  the apparent e x i s t e n c e  o f  
a minimum v e r t i c a l  ap erture below which the output drops to  
z e r o .  In a l l  th ree  machines t h i s  c r i t i c a l  se p a r a t io n  between  
the h o r iz o n ta l  w ir e s  i s  o f  the order o f  1 cm.
Two q u a l i t a t iv e  arguments are advanced by Lawson to  
account fo r  t h i s  phenomenon. He s u g g e s ts  th a t  e i t h e r  (a )  a l l  
e le c t r o n s  have a v e r t i c a l  o s c i l l a t i o n  am plitude a t  l e a s t  equal 
to  the c r i t i c a l  h e ig h t ,  or (b) the c i r c u la t in g  charge cannot 
b u ild  up s u f f i c i e n t l y  i f  the donut c r o s s - s e c t i o n  i s  to o  s m a ll .  
He in v e s t i g a t e s  the f i r s t  p o s s i b i l i t y  by ap p ly in g  s u i t a b le  
p ertu rb in g  m agnetic  f i e l d s  and concludes th a t  the  l ik e l ih o o d  
of t h i s  b e in g  the cause i s  rem ote. A q u a l i t a t i v e  argument.
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based on K erst s e l f - c o n t r a c t i o n ,  i s  then g iven  to  account fo r  
( b ) ,  but no attem pt i s  made to  v e r i f y  i t  q u a n t i t a t i v e l y .  The 
p rev iou s  image and s e l f - c o n t r a c t i o n  c a lc u la t io n s  enable Lawson’s 
second su g g e s t io n  to  be examined in  g r e a te r  d e t a i l .
(b) C a lc u la t io n  o f  the minimum v e r t i c a l  apertu re  
in  the 50 MeV. sy n ch ro tro n .
The essen ce  of the  f o l lo w in g  th eory  i s  th a t  s e l f -  
c o n tr a c t io n  i s  r e sp o n s ib le  fo r  p a r t i c l e s  m iss in g  the  gun a f t e r  
i n j e c t i o n ,  but th a t  f o r  the c o n tr a c t io n  to  be s u f f i c i e n t  th ere  
must be a c e r ta in  minimum c i r c u la t in g  cu rren t .  I f  the v e r t i c a l  
apertu re  i s  s u f f i c i e n t l y  c o n s t r ic te d  the space charge l im i t e d  
c i r c u la t in g  current may be to o  sm all to  provide the n e c e s sa r y  
c o n tr a c t io n  and the  output w i l l  co n seq u en tly  f a l l  to  z e r o .  In  
c o n s id e r in g  t h i s  th eo ry  i t  i s  n e c e ssa r y  t o  know, ( i )  the  
minimum c i r c u la t in g  cu rrent req u ired  and ( l i )  the maximum space  
charge l im i t e d  c i r c u la t in g  cu rren t. F o llow in g  c a lc u la t io n s  and 
experim ents on Kerst c o n tr a c t io n  and th r e sh o ld  em iss io n  f o r  the  
30 MeV. m achine, an e s t im a t io n  o f  the  minimum c i r c u la t in g  
current i s  o b ta in a b le  as f o l l o w s .
I t  appears th a t  p a r t i c l e s  in j e c t e d  t a n g e n t ia l l y  in to  
the 30 MeV. synchrotron  can c i r c u la t e  between 5 and 15 
r e v o lu t io n s  depending on the  p o s i t io n  o f  the in sta n ta n e o u s  
o r b i t ,  but th a t  the th r esh o ld  em iss io n  f o r  any g iv en  i n j e c t i o n  
v o lta g e  should remain in v a r ia n t  in  s p i t e  o f  t h i s  because o f  
the v a r ia t io n  o f  "r)" , the f i e l d  law in d e x , w ith  r a d iu s .  I f  i t  
be assumed, as f o r  the p rev iou s c a l c u l a t i o n s ,  th a t  a l l  the
-2 03—
em iss ion  from the gun can c i r c u la t e  f o r  the maximum number of  
r e v o lu t io n s ,  then the minimum t o t a l  c i r c u la t in g  current  
n e c e ssa r y  to  m iss the in j e c t o r  w i l l  be f i v e  tim es the th r e sh o ld  
v a lu e .  TableXIV g iv e s  the  observed th r esh o ld  em iss io n  as a 
fu n c t io n  o f  in j e c t io n  kV., and the corresponding va lu es  o f  the  
minimum t o t a l  c i r c u la t in g  cu rren t.  C a lc u la t io n s  have a l s o  been  
made p r e v io u s ly  on the maximum space charge l im i t e d  c i r c u la t in g  
current which the donut w i l l  ho ld  i r r e s p e c t iv e  o f  the i n j e c t i o n  
p ro ce ss  and ta b u la ted  in  ta b le  V I I I ,  Chapter V II .  Values of  
t h i s ,  assuming the charge to  form a cy l in d e r  4 .0  cms. d iam eter  
and ta k in g  in to  account image charges and c u r r e n ts ,  are a l s o  
p resen ted  in  ta b le  XIV, from which i t  i s  p o s s ib le  to  c a lc u la te  
the d iam eter o f  space charge l im it e d  cu rren t which i s  equal to  
the minimum requ ired  t o t a l  c i r c u la t in g  c u r r e n t .  These 
c a lc u la te d  d iam eters are a l s o  p resen ted  in  the  t a b l e .
I n j e c t io n  kV. 3 8 .0 33 .2 2 3 .6 1 4 .2
..... ....... 1
10
Threshold em iss ion  
mA. 48 45 33 24 , 20(e s t im a te d )
Minimum t o t a l  
c i r c u la t in g  
c u r r en t . mA.
240 225 165 120 100
- Maximum space  
charge l im i t e d  
current (4 cm. diam. ) 
mA.
9600 7800 4600 2100 1200
Diameter of space  
charge l im i t e d  current  
to  equal minimum t o t a l  
c i r c u la t in g  cu rren t,  
mm.
6 .3 6 .8 7 .6 9 .5 1 1 .5
Table XIV.
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I t  i s  in t e r e s t i n g  to  compare the c a lc u la te d  d iam eters v/ith  the 
p r a c t i c a l  va lu es  o f  "dead height"  ob ta in ed  by Lawson and 
summarized in  ta b le  XV.
Gun em iss io n  
mA.
I n j e c t io n
kV.
Magnet e x c i t a t i o n  exp ressed  
as ^ o f  f u l l  v a lu e .
20% ' 40^ 10%
100 mA. 
optimum 
v a lu e •
10
5
c r i t i c a l  h e ig h t  
8 .6  mm. 6 mm. 9 .5  mm. 
— 6 mm. —
Not g iv e n  
but c o r r e s ­
ponding to  
1 / 2 0th  max. 
X -ray ou tp u t.
10 9 .5  mm.
Table XV.
Lawson’s f ig u r e  fo r  10 kV. i n j e c t i o n  a t  an em iss io n  y i e ld i n g  
l / 2 0 t h  o f the maximum ou tp ut, an em iss io n  probably o n ly  s l i g h t l y  
g r e a te r  than th r e s h o ld ,  compares very  fa v o u ra b ly  w ith  the  
c a lc u la te d  v a lu e s .
I t  i s  im p o ss ib le  to  e s t im a te  w ith  any c e r t a in t y  the  
th r esh o ld  em iss io n  f o r  5 kV. owing to  the in c r e a s in g  importance  
of the e l e c t r o s t a t i c  term in  the energy s to r a g e  eq u ation  fo r  
s e l f - c o n t r a c t i o n  a t  low v o l t a g e s ,  but from ta b le  XIV i t  would 
seem th a t  the c r i t i c a l  h e ig h t  should  be somewhat g r e a te r  than 
f o r  10 kV., a f a c t  not observed in  Lawson’ s s in g le  measurement.
A p o s s ib le  o b je c t io n  to  the method o f  c a l c u la t in g  the
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c r l t i c a l  h e ig h t  i s  th a t  i t  has been assumed th a t  the current  
i s  incap able  o f  reach in g  a c e r ta in  value in  f i v e  r e v o lu t io n s ,  
due to  c o n s t r ic t io n  o f the v e r t i c a l  a p e r tu r e ,  but in  p r a c t ic e  
can i t  be s a id  that two th in  w ire s  r e a l l y  form such a 
c o n s t r ic t io n  f o r  charge c i r c u la t in g  f o r  such a sm all number o f  
r e v o lu t io n s ?  I t  i s  most u n l i k e l y  th a t  they  do s o ,  but in  
c o n s id e r in g  K erst co n tr a c t io n  as a r e v e r s ib le  p ro cess  p r e v io u s ly ,  
i t  was found th a t  the current req u ir ed  to  m iss the in j e c t o r  had , 
to  continue to  c i r c u l a t e ,  p o s s ib ly ,  f o r  hundreds o f  r e v o lu t io n s .  
Under th e se  circum stances i t  i s  q u ite  probable th a t  the w ir e s ,  
form a c o n s t r i c t i o n .
(c )  C a lc u la t io n  o f  the minimum v e r t i c a l  ap ertu re
in  the  G.E. 70 MeV. sy n ch ro tro n .
2
E le r ,  Langmuir and P o llo c k  u s in g  the G.E. 70 MeV.
35synchrotron  a l s o  rep o r t  th a t the output drops to  zero  when the  
a v a i la b le  tube h e ig h t  becomes l e s s  than 1 cm., and they  show 
th a t  t h i s  l i m i t a t i o n  occurs a t  i n j e c t i o n  t im e . They a l s o  
a p p aren tly  f in d  no v a r ia t io n  w ith  i n j e c t i o n  v o l t a g e .  T his i s  
not s u r p r is in g  i f  they  have used  f a i r l y  h ig h  i n j e c t i o n  v o l ta g e s  
fo r  t h e ir  t e s t s ,  as ta b le  XIV shows a com p aratively  sm all
v a r ia t io n  above 2 3 .6  kV. I t  i s  in t e r e s t i n g  t o  attem pt to
e s t im a te  the c r i t i c a l  h e ig h t  fo r  t h e i r  m achine.
T heir  normal o p era tin g  c o n d it io n s  appear to  be as
fo l lo w s
(2 )
O rbit rad iu s « 29 cans.
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Donut In te r n a l  
- h e ig h t  ) î2r 4 cms*
I n je c t io n
v o lta g e  (48) 3 5  kV*
I t  has been shown p r e v io u s ly  th a t  the  average e le c tr o m a g n e t ic  
energy s t o r e d / p a r t i c l e  a t  i n j e c t i o n ,
= 0 to e l e c t r o n  v o l t s
4-. i - b r r  (Kt,
where a = p rop ortion  o f t o t a l  energy s to r e d  by p a r t i c l e s  
in je c t e d  in  the f i r s t  r e v o lu t io n
^ = o r b it  s e l f - in d u c t a n c e ,  Henrys
hi = maximum number o f  turns w ith o u t  damping
i' = th r esh o ld  e m is s io n ,  amps
^  = i n j e c t io n  v e l o c i t y ,  cm s/sec .
= eq u ilib r iu m  o r b it  r a d iu s .
A lso  the e l e c t r o s t a t i c  energy s to r e d
û f  r 7'^ ÙU e l e c t r o n  v o l t s .
Compare now the  30 MeV. and the 70 MeV. m achines.
( i )  The o r b it  s e l f - i n d u c t a n c e This i s  n ot easy  to  e s t im a t e ,
35but from p u b lish ed  f ig u r e s  i t  appears th a t  at low 
e x c i t a t io n  the t o t a l  machine inductance and ca p a c ito r  bank 
o f  1 4 .4  u f .  are in  resonance a t  40 , from which i t
f o l lo w s  th a t  the t o t a l  inductance o f  machine = 1 .1  H.
I t  i s  s ta te d  th a t  the  number o f turns on e x c i t in g  c o i l s
= 2 6 0 , and hence the inductance per turn = JiL i(,x
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The corresponding inductance per turn o f 30 MeV. machine
= 3 .2  X 10* H. The 70 MeV. synchrotron  i s  b u i l t  on
49same d e s ig n  b a s i s  as the 100 MeV. b e ta tr o n ,  o f  which  
the v o lta g e  per e x c i t in g  c o i l  turn = 600, and the
v o lta g e  a t  the o r b it  per turn = 4 0 0 . This r a t i o  o f
600 /400  i s  very  n e a r ly  the  same as th a t  f o r  the 30 MeV. 
machine where the v o lta g e  per e x c i t i n g  c o i l  turn = 32 
and o r b it  v o lta g e  per turn = 2 0 .
Hence the  inductance per turn  a t  the o r b it  o f  
70 MeV. machine i s  probably 10 x 10"^ H ., 
and th e r e fo r e  f i v e  t im es the va lue  f o r  the  
30 MeV. machine.
I f  the in d u cta n ce , which has the dim ensions o f  l e n g t h ,  
were s t r i c t l y  p ro p o r t io n a l to  the o r b it  c ircu m feren ce ,  
i t  would have a value o f  three  tim es th a t  o f the 30 MeV.
machine and hence a magnitude o f  6 x 10"*  ^ H.
( i i )  The o r b it  s e l f - c o n t r a c t i o n  and th r e sh o ld  c u r r e n t :-  
" N " f o r  t a n g e n t ia l ly  in j e c t e d  p a r t i c l e s  = ^ u 
and i s  a minimum when = Ap . i s  the p r o tr u s io n
o f  the gun anode beyond the f i la m e n t  and appears to  
have a va lue  ^  2 mm. f o r  most guns, from which i t
seems th a t  N i s  l i k e l y  t o  be about the same f o r  the  
G.E. as f o r  the  30 MeV. machine.
. . For the same in j e c t io n  v o lta g e  w i l l  be
equal t o ,  or 5 /  ^ tim es the va lue f o r  the 30 MeV.,
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depending whether L = 6 or 10 x 10“  ^ H. A lso  
w i l l  be the  same f o r  both  m achines.
At 35 kV. i n j e c t i o n ,  [\L^ w i l l  be n e g l i g i b l e  compared 
w ith  , and the  o r b i t  c o n tr a c t io n  A
n Abecomes c: Kt
where ^  = i n j e c t i o n  r a d iu s ,  cms.
V
£ « in j e c t i o n  v o lta g e  
h =5 f i e l d  law in d ex .
2According to  E ld er , the gun i s  p laced  where n
approaches u n i t y .  I f  i t  i s  assumed to  have a value
o f  0 .9  and equal to  th a t  in  the  30 MeV. m achine, then
the th r esh o ld  current I becomes f o r  a« ùa./i
g iv e n  i n j e c t i o n  v o l t a g e . ,  i . e .  between 1 /5  and 1 /3  o f  
the value f o r  the 30 MeV. m achine. Hence, fo r  35 kV. 
i n j e c t i o n ,  I w i l l  probably be between 9 and 15 mA., 
and con sequ en tly  the t o t a l  c i r c u la t in g  current must 
b u ild  up to  between 45 and 75 mA. in  5 r e v o lu t io n s .
( i i i )  Space charge l im i t e d  current and minimum 
v e r t i c a l  aperture
The maximum space charge l im i t e d  cu rrent in  a 
c y l in d e r  o f  g iv e n  d ia m eter , between p o le  fa c e s  o f  
g iv en  se p a r a t io n  and a t a g iv e n  i n j e c t i o n  energy , can, 
from p rev iou s c a lc u la t io n s  be shown to  be .
The v e r t i c a l  aperture in  the 70 MeV. machine i s  about  
4 cms. and roughly equal to  th a t  o f  the 30 MeV. The
-2  0 9 -
p o le  se p a r a t io n  i s  2f-" compared, w ith  2" , but t h i s  w i l l  
in troduce on ly  a second order e f f e c t #  The o r b it  f i e l d  
i n t e n s i t y  a t  any g iv en  energy o f  i n j e c t i o n  o< 
and hence the space charge l im i t e d  current i s  << 
and w i l l  be 1 /9  o f th a t  in  the 30 MeV# m achine. For 
35 kV. in j e c t i o n  the space charge l im i t e d  cu rrent in  
30 MeV. machine = 0 .8 5  e .m .u . , and hence -  0 .0 9 4  e .m .u .  
f o r  the 70 MeV. m achine, from which the d iam eter  
corresponding to  (a) 45 mA. -  8 .8  mm.
(b ) 75 mA. = 11 .0  mm.
Both these  va lu es  are very  near to  that found by 
experim ent.
(d) C a lc u la t io n  o f  the minimum v e r t i c a l  apertu re  
in  the B erk eley  335 MeV. sy n ch ro tro n .
A v a ila b le  data on P r o fe sso r  M cM illan’ s 335 MeV. 
synchrotron  i s  ra th er  scanty^^^ and any e s t im a te  o f  the
"dead height" i s  open to  la r g e  e r r o r s ,  hence the c a lc u la t io n s
g iv en  below should  be tr e a te d  w ith  co n s id era b le  r e s e r v e .  As 
f a r  as can be a s c e r ta in e d ,  the v a lu e s  o f  the req u ired  machine 
co n sta n ts  and op era tin g  parameters are as f o l l o w s .
Orbit r a d i u s = 100 cms.
Donut in te r n a l
h e i g h t ) ot 4 .5  cms•
I n je c t io n  Cs 80 kV.
V o lts  par turn a t  the  
o r b it  fo r  60 cy c le  
o p e r a t io n ( 50) = 1000 V.
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( i )  The o r b it  s e l f - i n d u c t a n c e According to  Robertson^^, 
the magnet has two e x c i t in g  c o i l s  each o f  s ix t e e n  tu rn s ,  
which appear to  be connected  in  s e r i e s  p a r a l l e l  to  g iv e  a 
t o t a l  o f  s ix t e e n  tu r n s .  The peak cu rren t i s  4900 amps 
and the r a te  of change o f cu rren t  during b eta tr o n  a c t io n  
i s  a p p a ren tly  1 /3  o f  th a t  during synchrotron  a c t io n .
Hence the e q u iv a le n t  r a te  o f  change o f current  
during b eta tro n  a c t io n  i s ,  a t  the o r b i t ,  g iv e n  by
d ly  = -^2— amps / s ec .
3
. . S e lf - in d u c ta n c e  = ------------------------------   Henrys
2 (T X 60 X  4900 X  16
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( i i )  The o r b i t  s e l f - c o n t r a c t i o n  and th r e sh o ld  current
I f  = 5 , then i s  f i v e  tim es g r e a te r  than f o r
30 MeV. synchrotron  and i f  the req u ired  va lue o f  A 
and a l s o   ^ are the same, then th e  th r esh o ld  w i l l  be 
1 /5 0  o f  th a t  in  30 MeV. m achine. The e s t im a ted  th r e sh o ld  
em iss io n  fo r  85 kV. in  the 30 MeV. i s  80 mA., and hence  
th a t  f o r  335 MeV. machine i s  1 .6  mA.
( i l l )  Space charge l im i t e d  current and minimum v e r t i c a l  aperture, 
For a th resh o ld  o f  1 .6  mA. the t o t a l  c i r c u la t in g  current  
req u ired  = 8 mA. The donut in te r n a l  h e ig h t  i s  reason ab ly  
near 4 cm s., and as the o r b i t  rad iu s  i s  ten  tim es th a t  o f  
the 30 MeV. m achine, the space charge l im it e d  current a t
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80 kV. w i l l  be l/lO O  o f  th e  space charge l im i t e d  current
in  the 30 MeV. At 80 kV. the l a t t e r  i s  2 .6  e .m .u . ,  and
hence fo r  the 335 MeV. synchrotron  i t  w i l l  b e ^0.026 e .m .u .
The d iam eter corresponding to  8 mA. = — - = 7 .0  ram.
260
which again  i s  in  the order o f  magnitude quoted by 
McMillan.
(e )  The e f f e c t  o f  gas s c a t t e r i n g .
48In a r e c e n t  p u b l ic a t io n ,  R id d ifo rd  co n sid ers  th a t
the c r i t i c a l  v e r t i c a l  aperture a r i s e s  from f r e e  v e r t i c a l
o s c i l l a t i o n s  induced by gas s c a t t e r i n g .  His argument i s  based
51on a th eory  g iven  by Blachman and Courant, who assume th a t  
the  on ly  cause o f  l o s s  i s  R utherford  S c a t t e r in g .  A formula  
i s  developed  f o r  th e  maximum mean square am plitude o f  the  
v e r t i c a l  o s c i l l a t i o n s  which occurs when th e  p a r t i c l e s  reach  
four tim es t h e i r  in j e c t io n  en ergy , and g iv e n  by
H ' ’ = M 7 . I 0 *
where r \  = o r b it  r a d iu s ,  cms.
P = a i r  pressure  mm. Hg.
'Ÿ  = energy g a in e d /r e v .
\  = i n j e c t i o n  v o l t a g e .
I t  i s  s t a t e d  th a t  the f r a c t io n  o f  p a r t i c l e s  not s c a t t e r e d  to  
the w a l ls  as a fu n c t io n  o f the a v a i la b le  v e r t i c a l  sem i-ap ertu re  
has a d i s t r ib u t io n  s im i la r  to  the  curves p resen ted  by Lawson 
and E lder e t  a l ,  and i s  p r a c t i c a l l y  zero  f o r  v a lu es  o f  6  as  
d e f in e d  above. Values o f  2 x B  are c a lc u la te d  f o r  s e v e r a l
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-5m achines, a l l  f o r  a p ressu re  o f  1 x  10 mm. Hg. and shown
to  be o f  the same order o f  magnitude as the minimal aperture
in  the 30 and 70 MeV. sy n ch ro tro n s .
Blachman and Courant*s theory  i s  r e a l l y  on ly
39a p p l ic a b le  to  p ro to n s , w h i l s t  experim ents by Watson on the 
A.E.R .E . 30 MeV. synchrotron  show an e x p o n en tia l  law o f  output  
a g a in s t  p r e s su r e ,  a s o lu t io n  ra th er  d i f f e r e n t  from th a t  
in d ic a te d  by the th e o r y . I t  i s  th e r e fo r e  h ig h ly  d ou b tfu l  
whether R id d iford *s eq uation  i s  v a l id  f o r  e l e c t r o n s ,  but as i t  
i s  a r e l a t i v e l y  ea sy  m atter to  vary th r ee  o f  the fo u r  v a r ia b le s  
in  R id d iford *s form ula, a check on t h i s  should  be p o s s i b l e .  
C arefu l use o f  a Geiger co u n ter , as by E lder  e t  a l ,  or 
p r e fe r a b ly ,  a s c i n t i l l a t i o n  cou n ter , may a l s o  in d ic a t e  whether  
the l o s s  i s  occuring a t  en e r g ie s  corresponding to  four  tim es  
the in j e c t i o n  v a lu e .
1 0 .  INJECTION EFFICIENCY IN THE 30 MEV. SYNCHROTRON.
Attempts have been made by A lle n -W ill ia m s and
52 53
Appleyard and a l s o  Bess and Hanson to  e s t im a te  the a c tu a l
ta r g e t  current as a fu n c t io n  o f  the X -ray i n t e n s i t y .  A l le n -  
W illiam s and Appleyard endeavour to  c a lc u la te  th e  output  
i n t e n s i t y  in  rontgens per minute as a fu n c t io n  o f  the mean 
ta r g e t  current from t h e o r e t i c a l  c o n s id e r a t io n s ,  and then  
compare t h i s  w ith  experim ental r e s u l t s  on the Malvern 12 MeV. 
syn ch rotron . They conclude th a t  the mean t a r g e t  current i s  
probably g iv en  by . .
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“  Vcl^  .......................................... <“ >
where ^cLir > the average current i s  in  microamps and 
in  rontgens per minute a t  IM.
Bess and Hanson, u s in g  a more d ir e c t  approach, measure 
the t a r g e t  current by a method which depends on the m agnetic  
f i e l d  r e s u l t i n g  from the c i r c u la t in g  charge. They conclude  
from measurements on a 22 MeV. b e ta tr o n  op era tin g  a t  15 MeV. 
th a t  an output o f  30 rontgens per minute a t  IM. corresponds to  
ap proxim ately  1 .5  x 10"^ amps ta r g e t  cu rr en t ,
i . e .  . . . . . . . . . . . . . . . . . . . ( 3 1 )
Measurements made on the 30 MeV. synchrotron  have been ob ta in ed
at 21 MeV. Assuming th a t  fo r  any g iv e n  t a r g e t  current
X'S
where i s  the peak energy  i t  i s  found th a t  a t
21 MeV. eq u ation s  (30) and (31) can be r e s p e c t i v e l y  rep la ced  
by
-  2 .6  X 10-3-^   (32)
= 2 .1 5  X 10"3v-  (33)
g iv in g  a mean value o f Xm>- -  2 .3 7 5  x 10“3/-................................... . ( 3 4 )
By comparing the v a lu es  o f  f o r  va r io u s  i n j e c t i o n
v o lt a g e s  g iv e n  by equation  (34) w ith  the t h e o r e t i c a l  space  
charge l im i t e d  cu rr en t ,  v a lu es  fo r  the i n j e c t io n  e f f i c i e n c y
can be o b ta in ed . Table XVI summarizes e s t im a ted  va lu es  o f
i n j e c t i o n  e f f i c i e n c y ,  w ith  and w ithou t im ages, assuming the  
charge c y l in d e r  to  have a d iam eter o f  3 .2  cm s., and th a t  50^
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o f  the p a r t i c l e s  are l o s t  a t  synchrotron  t r a n s i t i o n .  The 
i n j e c t i o n  e f f i c i e n c y  i s  seen  to  have a va lue o f  the order o f
1 .0  -  1 .5 ^ .  This i s  in c r ea se d  to  between 1 .5  and 2 .2 ^  i f  the
I n j e c t io n  v o lta g e  
(kV .)
3 3 .2 2 3 .6 1 4 .2
X -ray output r .p .m .  
a t  IM. a t  21 MeV. 4 .8 3 .6 2 .4
X ^ ( e q . 3 4 )  uA. 1 .1 4  X 10~^ 0 .8 5  X 10"2 0 .5 7  X 10"2
Mean c i r c u la t in g  
current a l lo w in g  
50^ t r a n s i t io n  l o s s .
2 .2 8  X 10"2 1 .7  X 10"2 1 .1 4  X 10"2
T h e o r e t ic a l  space  
charge l im i t e d  
current :
(a )  w ith o u t  images 2 .4 6 1 .6 9 1 .0 2
(b) w ith  images 1 .5 2 1 .1 0 .6 7
I n j e c t io n  e f f i c i ­
ency:
(a) 0 .9 3 # 1 .0 0 # 1 .1 1 #
(b) 1 .5 0 # 1 .5 5 # 1 .7 0 #
- ■»
Table XVI.
charge i s  assumed, f o l lo w in g  B le w e t t ,  to  have an e l l i p t i c a l  
ra th er  than a c i r c u la r  c r o s s - s e c t i o n .  The v a lu es  o f  e f f i c i e n c y  
g iv e n  in  the t a b le  are of the u su a l order o f  magnitude and 
show th a t  over the g iv e n  in j e c t io n  v o l ta g e  range a con stan t  
f r a c t io n  o f  the space l im i t e d  charge i s  a c t u a l ly  a c c e le r a t e d .
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1 1 . SUGGESTIONS FOR FARTHER WORK.
(1) Current and charge Im ages.
The image c a lc u la t io n s  were c a r r ie d  out ig n o r in g  the  
e f f e c t  o f donut conducting c o a t in g .  A s, in  p r a c t i c e ,  the  
p a r t i c l e s  can approach co n s id er a b ly  c lo s e r  to  the c o a t in g  than  
to  the magnet p o le  fa c e s  i t  may w e l l  be th a t  the former e x e r t s  
the g rea te r  e f f e c t .  The th ic k e r  the conducting co a t in g  the  
la r g e r  the image fo r c e s  w i l l  b e , b u t ,  on the o ther  hand, the  
chances o f i s o l a t e d  charge patches occuring  and the C.R. time 
con stan t o f  th e  co a t in g  w i l l  both  be reduced. T h is  may le a d  to  
an optimum co a tin g  r e s i s t a n c e .
I t  would th e r e fo r e  be very in t e r e s t i n g  to  expand the  
c a lc u la t io n s  to  in c lu d e  donut coa tin g  and a l s o  t o  perform  
experim ents on the e f f e c t  o f  vary ing  the in te r n a l  co a t in g  
r e s i s t a n c e .  B u ild  up o f  charges on the var iou s in te r n a l  
e le c t r o d e s  may a ls o  be im portant, e s p e c i a l l y  on the gun. Dr. 
Marvin Martin o f  the U n iv e r s i ty  o f  C a l i f o r n ia ,  in  p r iv a te  
communication, r e p o r ts  th a t  the output o f  the 335 MeV. synchro­
tron  was improved by a f a c t o r  o f  f i v e  by c u t t in g  a s l i t  in  the  
back s id e  o f  the gun ground anode.
(2) K erst S e l f - c o n t r a c t i o n .
Although s e l f - c o n t r a c t i o n  appears to  o f f e r  an 
ex p la n a tio n  f o r  some o f the e x p e r im e n ta lly  observed phenomena, 
the whole th eo ry  appears to  c o l la p s e  when one co n s id er s  the  
e f f e c t  o f  in cr ea se d  space charge on the r a d ia l  o s c i l l a t i o n  
am p litu d e . The am plitude o f  th e se  o s c i l l a t i o n s  a p p a ren tly
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in c r e a s e s  tw ice  as f a s t  as the s e l f - c o n t r a c t i o n ,  con sequ en tly  
one must co n sid er  whether s u c c e s s f u l  in j e c t io n  occurs as the 
space charge i s  b e in g  reduced ra th er  than when i t  i s  in c r e a s in g .  
The c a lc u la t io n  i t s e l f  may n ot be v a l id  because the in cr ea se  
in  r a d ia l  o s c i l l a t i o n  am plitude was determ ined assuming the  
r a d ia l  energy o f the p a r t i c l e s  remained c o n s ta n t .  I f  c o n tr a c t io n ,  
takes p la ce  in a p er iod  comparable w ith  the time o f  a s in g le  
r a d ia l  o s c i l l a t i o n  t h i s  may be untrue and i t  may be argued  
th a t  t h i s  i s  the case  because each o s c i l l a t i o n  occup ies  two 
r e v o lu t io n s  w h i l s t  the f u l l  c o n tr a c t io n  was assumed to  take  
on ly  f i v e .
The d iscrep a n cy  o f  a f a c to r  of tv/o in  the observed  
and c a lc u la te d  th r e sh o ld s  a l s o  needs c le a r in g  up and i t  may 
be p r o f i t a b le  to  rep ea t th resh o ld  measurements w ith  d i f f e r e n t  
guns and d i f f e r e n t  r a d ia l  p o s i t i o n s .  The th eory  g iv en  to account  
fo r  the shape o f  output versu s  em iss io n  fa m ily  o f  curves needs  
much fu r th e r  study  p r im a r ily  because i t  n e c e s s i t a t e s  both  the 
u se  o f  the assum ption of a uniform  charge d i s t r i b u t i o n ,  which  
can probably occur on ly  a f t e r  many r e v o lu t io n s ,  and the  
assum ption o f a s e l f - c o n t r a c t i o n  occuring  in  on ly  a few 
r e v o lu t io n s •
P ic tu r e s  o f  the in sta n ta n eo u s  current f lo w in g  to  the 
e le c t r o d e s  and donut co a t in g  on a h ig h  speed C.R.O. may provide  
in v a lu a b le  in form ation  about i n j e c t i o n .  I t  may y i e l d  ev id en ce  
on whether i n j e c t io n  does take p la ce  when th e  space charge i s  
in c r e a s in g  or d e c r e a s in g ,  whether the charge does or does n ot
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s t r ik e  the ta rg e t  when the output i s  reduced to  zero  by e x c e s s  
e m is s io n .  The w r it e r  h a s , in  f a c t ,  r e c e n t ly  begun such a s e r i e s  
o f  experim ents w hich , though somewhat q u a l i t a t i v e ,  su g g es t  the  
importance o f  fu r th e r  work.
(5 ) Theory o f  i n j e c t i o n .
Although the agreement between exp erim en ta l r e s u l t s  
and th e o ry  based on Kerst s e l f - c o n t r a c t i o n  i s  very  s t r i k i n g ,  i t  
would be w e l l  to  con sid er  i f  o ther th e o r ie s  could  account  
e q u a l ly  w e l l  fo r  the phenomena. In t h i s  r e s p e c t ,  Barden*s 
r e c e n t  paper on resonance damping i s  o f  g r e a t  i n t e r e s t  and 
should  c e r t a in ly  be s tu d ie d .  F i r s t l y ,  a t h e o r e t i c a l  comparison  
i s  e s s e n t i a l  which may then p o in t  to  c r i t i c a l  experim ents th a t  
can serve  to  d i s t i n g u i s h  between the t h e o r ie s .
- 2 1 8 -
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